
35 

P a r t i a l  Combustion of F u e l  O i l  w i t h  Oxygen 
and A p p l i c a t i o n  t o  Smel t ing  I r o n  O r e  
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Monroev i l l e ,  P e n n s y l v a n i a  

Much i n t e r e s t  i n  a l t e r n a t i v e  s m e l t i n g  p r o c e s s e s  b a s e d  on cheape r  
f u e l s  t han  m e t a l l u r g i c a l  coke has  deve loped  d u r i n g  t h e  p a s t  decade .  
Many p r o c e s s e s  have been deve loped ,  however,  none of  t h e s e  p r o c e s s e s  
have proven c o m p e t i t i v e  w i t h  t h e  b l a s t  f u r n a c e  i n  t h e  United S t a t e s .  
I n  t h i s  c o n t e x t ,  it w a s  dec ided  t o  s t u d y  a proposed  s m e l t i n g  p rocess  
i n  which a l l  t h e  r e d u c i n g  g a s e s  and h e a t  f o r  s m e l t i n g  come from t h e  
p a r t i a l  combustion of f u e l  o i l  and/or  p u l v e r i z e d  c o a l  w i t h  oxygen a t  
t h e  bot tom of a s h a f t  r e a c t o r .  Some a n t i c i p a t e d  advan tages  o f  such 
a p r o c e s s  o v e r  t h e  b l a s t  f u r n a c e  a r e  e l i m i n a t i o n  of t h e  s t o v e s  and 
a s s o c i a t e d  equipment  f o r  h e a t i n g  t h e  b l a s t ,  r e d u c t i o n  o r  e l i m i n a t i o n  
o f  coke r e q u i r e m e n t s ,  and p r o d u c t i o n  o f  h o t  m e t a l  a t  much h i g h e r  r a t e s  
t han  a r e  p r e s e n t l y  o b t a i n e d  w i t h  b l a s t  f u r n a c e s .  

P r e l i m i n a r y  h e a t  and m a t e r i a l  b a l a n c e s  i n d i c a t e d  t h a t  t h e  pro-  
posed p r o c e s s  is f e a s i b l e .  S e v e r a l  i m p o r t a n t  f a c t o r s  a s s o c i a t e d  
w i t h  t h e  o p e r a t i o n  of  a p a r t i a l - c o m b u s t i o n  b u r n e r  and w i t h  t h e  opera-  
t i o n  of  t h e  r e a c t o r ,  however,  cou ld  n o t  be i n v e s t i g a t e d  t h e o r e t i c a l l y .  
With r e s p e c t  t o  b u r n e r  o p e r a t i o n ,  t h e  e x t e n t  of c o n v e r s i o n  of  f u e l  o i l  
w i t h  oxygen t o  CO and H2, t h e  n a t u r e  o f  any s o l i d  carbon formed d u r i n g  
p a r t i a l  combust ion,  and t h e  s t a b i l i t y  of  combust ion were t h e  most 
impor t an t  f a c t o r s  t o  be  de t e rmined  e x p e r i m e n t a l l y .  A s  f o r  t h e  ope ra -  
t i o n  of  t h e  r e a c t o r ,  i t  was n o t  known whether  smooth f low of m a t e r i a l s  
and e f f e c t i v e  c o n t a c t  between g a s e s  and s o l i d s  cou ld  be ach ieyed  wi th-  
o u t  t h e  l eaven ing  a c t i o n  p rov ided  by coke i n  t h e  b l a s t  f u r n a c e .  I n  
a d d i t i o n ,  i t  was n o t  known whether  s u f f i c i e n t  r e s i d e n c e  t ime can be 
o b t a i n e d  t o  comple te  r e d u c t i o n  a t  t h e  h i g h  th roughpu t  r a t e s  assumed 
i n  t h e  t h e o r e t i c a l  a n a l y s i s .  

T h e o r e t i c a l  and P r a c t i c a l  C o n s i d e r a t i o n s  

F i g u r e  1 shows t h a t  t h e  t h e o r e t i c a l  f lame t e m p e r a t u r e  for 
s t o i c h i o m e t r i c  p a r t i a l  combust ion of  N o .  6 f u e l  o i l  w i t h  oxygen t o  
produce CO and H2 i s  3375 F. 
f lame t empera tu re  would be approx ima te ly  4 0 0 0  F. I f  1 0  p e r c e n t  un- 
g a s i f i e d  carbon were formed w i t h  s t o i c h i o m e t r i c  oxygen,  t h e  f lame 
t e m p e r a t u r e  would be approx ima te ly  3 7 0 0  F. Thus,  t h e  r e q u i r e d  
t e m p e r a t u r e s  f o r  s m e l t i n g  i r o n  o x i d e  a r e  t h e o r e t i c a l l y  a t t a i n a b l e .  
Whether t hey  could  be o b t a i n e d  i n  p r a c t i c e ,  however,  remained t o  be 
de t e rmined .  

* P r e s e n t  a d d r e s s  - L u b r i z o l  Company, P a i n e s v i l l e ,  Ohio , 

With 1 0  p e r c e n t  e x c e s s  oxygen,  t h e  
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I n  most commerc ia l  a p p l i c a t i o n s ,  combust ion  r e f e r s  t o  t h e  r a p i d  
o x i d a t i o n  o f  a m a t e r i a l  w i t h  t h e  e v o l u t i o n  o f  large q u a n t i t i e s  o f  h e a t .  
U s u a l l y ,  t h e  s p e c i f i c  r a t e s  of  t he  chemica l  r e a c t i o n s  o c c u r r i n g  i n  t h e  
combus t i on  p r o c e s s  are  so r a p i d  t h a t  p h y s i c a l  t r a n s p o r t  phenomena con- 
t r o l  t h e  r a t e  o f  combust ion .  These p h y s i c a l  c h a r a c t e r i s t i c s  a r e  
d i r e c t l y  r e l a t e d  t o  t h e  d e g r e e  of  mix ing  o f  t h e  r e a c t a n t s .  A d e v i c e  
known as  a b u r n e r  is  used  t o  p r e p a r e  and i n t r o d u c e  t h e  r e a c t a n t s  i n t o  
t h e  r e a c t i o n  zone i n  s u c h  a manner as t o  produce  a n  e f f i c i e n t  rate of 
combust 1 o n .  

The most e f f e c t i v e  b u r n e r  f o r  h i g h - i n t e n s i t y  combust ion would mix 
t h e  f u e l  wi th  t h e  oxygen b e f o r e  i n t r o d u c t i o n  i n t o  t h e  combust ion cham- 
b e r .  Yanp g a s  b u r n e r s  premix a l l  or most of  t h e  a i r  o r  oxygen needed 
f o r  combust ion w i t h  t h e  g a s  and produce  a h igh - t empera tu re  f lame.  A 
bunsen b u r n e r  p remixes  o n l y  a s  much a i r  as c a n  be a s p i r a t e d ;  i ts  f lame 
is  t h e r e f o r e  n o t  as  h o t  n o r  a s  w e l l  d e f i n e d  a s  t h e  f lame o f  b u r n e r s  
u t i l i z i n g  c o m p l e t e l y  premixed a i r  and  f u e l  because  some o f  t h e  a i r  
needed f o r  combust ion  must  come from t h e  s u r r o u n d i n g s  o f  t h e  f lame.  . 
When a l l  a s p i r a t e d  a i r  t o  t h e  b u r n e r  is  s h u t  o f f ,  t h e  f lame becomes 
long  and poor ly  d e f i n e d  because  . a l l  t h e  a.ir must mix w i t h  t h e  g a s  by 
d i f f u s i o n a l  means,  a much s l o w e r  method o f  mixing .  

Because l i q u i d  f u e l s  canno t  b e  a p p r e c i a b l y  premixed b e f o r e  b u r n i n g ,  
t h e  r a t e  of combust ion  i s  c o n t r o l l e d  by t h e  mixing i n  t h e  combustion i, 
zone.  T o  f a c i l i t a t e  combust ion ,  l i q u i d  f u e l s  are  u s u a l l y  i n j e c t e d  i n t o  
t h e  combust ion zone th rough  a n  a t o m i z i n g  n o z z l e .  There  are  t h r e e  t y p e s  
of atomizei-s :  (1) prieiiriiatic i i o z z i e s  k i i a t  USE! air, steam, OY Some other  
g a s  t o  a tomize  t h e  l i q u i d ;  ( 2 )  h i g h - p r e s s u r e  n o z z l e s  t h a t  f o r c e  t h e  
l i q u i d  through a s m a l l  o r i f i c e ;  and  ( 3 )  mechanica l  d e v i c e s  t h a t  use  
r o t a t i n g  d i s c s  t o  b r e a k  up t h e  l i q u i d .  The energy  used  t o  a tomize  t h e  
l i q u i d  is  g r e a t e s t  f o r  t h e  f i r s t  t y p e ,  which u s u a l l y  produces  a s p r a y  
o f  f i n e r  d r o p l e t s  t h a n  t h e  o t h e r  t y p e s .  

There  a r e  t w o  common methods f o r  p r o v i d i n g  good mixing  o f  t h e  
r e a c t a n t s  i n  t h e  combust ion  zone.  The f i r s t  i s  d i r e c t  impingement of 
t h e  f u e l  and a i r  j e t s ,  e a c h ' i n t r o d u c e d  i n t o ' t h e  combust ion zone a t  
d i f f e r e n t  a n g l e s .  I n  t h e  second method,  o p p o s i t e  r a d i a l  v e l o c i t y  com- 
p o n e n t s  a r e  i m p a r t e d  t o  t h e  t w o  streams by t h e  use  o f  v a n e s  i n  e a c h  
i n j e c t o r  t u b e .  For  e f f i c i e n t  o p e r a t i o n ,  most b u r n e r s  are  des igned  to '  
u s e  one of t h e s e  methods .  

L i q u i d  f u e l s  s u c h  as  f u e l  o i l  burn  a c c o r d i n g  t o  t h e  f o l l o w i n g  s i m -  
p l i f i e d  mechanisms: 

1. The v o l a t i l e  components i n  t h e  o i l  a r e  v a p o r i z e d  
2 .  The v a p o r s  r e a c t  w i t h  oxygen,  e v o l v i n g  s u f f i c i e n t  h e a t  t o  

p ronaga te  t h e  combust ion,  ' I f  s u f f i c i e n t  oxygen i s  n o t  imme-. 
d i a t e l y  a v a i l a b l e  t o  r e a c t  w i t h  a l l  t h e  ca rbon  i n  t h e  vapor i zed  
p o r t i o n  o f  t h e  f u e l ,  t h e  u n r e a c t e d  hydrocarbons  w i l l  c r a c k  t o  
form s o l i d  ca rbon  p a r t i c l e s  and hydrogen.  . 
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3 .  The n o n v o l a t i l e .  m a t t e r  ( p r i m a r i l y  sol id  ca rbon)  i s  burned.  
This  ca rbon ,  a s  w e l l  as any ca rbon  formed by t h e  c r a c k i n g  
Of hydrocarbons ,  i s  consumed by a r e l a t i v e l y  s low s o l i d - g a s  
r e a c t i o n  mechanism. 

P rev ious  workers  have f o u n d t h a t  t h e  r e a c t i o n  t i m e  o f  t h e  s o l i d  
r e s i d u e  i s  a s  much a s  1 0  t i m e s  t h a t  o f  t h e  v o l a t i l e  m a t t e r . l r 2 ) *  These 
expe r imen t s  w e r e  performed i n  an atmosphere c o n t a i n i n g  an e x c e s s  o f  
oxygen. The i n c r e a s e  i n  bu rn ing  t i m e  f o r  c a s e s  i n  which t h e r e  i s  a 
d e f i c i e n c y  o f  oxygen, such  a s  i n  a p a r t i a l - c o m b u s t i o n  p r o c e s s ,  would 
p robab ly  be even g r e a t e r .  I t  i s  t h e r e f o r e  d e s i r a b l e  t o  minimize t h e  
amount Of s o l i d  carbon formed d u r i n g  p r imary  combust ion.  The minimum 
s o l i d  carbon would be compr ised  of  o i l  r e s i d u e ,  w i t h  none be ing  formed 
by c r a c k i n g  o f  v o l a t i l e s .  

When a t o m i z a t i o n  i s  good,  t h e  r a t e s  of  e v a p o r a t i o n  o f  v o l a t i l e s  
and r e a c t i o n  o f  v o l a t i l e s  w i t h  oxygen a r e  ve ry  r a p i d .  T h e r e f o r e ,  t o  
p r e v e n t  any of  t h e  v o l a t i l e s  from c r a c k i n g ,  oxygen must b e  made a v a i l -  
a b l e  b e f o r e  t h e  hydrocarbon vapor s  r each  t h e  c r a c k i n g  t empera tu re .  
Because t h e  oxygen and o i l  a r e  n o t  premixed,  v e r y  r a p i d  mixing must  
occur  a s  soon a s  t h e s e  r e a c t a n t s  e n t e r  t h e  combust ion chamber.  Because 
t h i s  mixing can  o n l y  o c c u r  by eddy,and  m o l e c u l a r  d i f f u s i o n ,  i t  i s  e v i -  
d e n t  t h a t  mixing is  normal ly  t h e  l i m i t i n g  f a c t o r  i n  e s t a b l i s h i n g  t h e  
r a t e  o f  combustion. T h i s  c o n c l u s i o n  is based  on work done under  con- 
d i t i o n s  of complete  combust ion ,  and i s  p robab ly  even more r e s t r i c t i v e  
under  c o n d i t i o n s  of p a r t i a l  combust ion.  

D e s c r i p t i o n  of  Burner  System 
and Opera t ing  Procedure  

I n  view of  t h e  t h e o r e t i c a l  and p r a c t i c a l  c o n s i d e r a t i o n s ,  it was 
a p p a r e n t  t h a t  t h e  combust ion chamber would have t o  be c o n s t r u c t e d  of 
a r e f r a c t o r y  c a p a b l e  o f  w i t h s t a n d i n g  v e r y  h igh  t e m p e r a t u r e s  i n  b o t h  
o x i d i z i n g  and reducing  a tmospheres .  I t  was a l s o  a p p a r e n t  t h a t  because  
o f  t h e  sma l l  volume of oxygen needed p e r  u n i t  o f  f u e l  compared w i t h  a 
comple te  combust ion b u r n e r  o p e r a t i n g  on a i r  - o n l y  1 / 1 6  t h e  volume o f  
r e a c t i n g  gas  and 1 /3  t h e  oxygen i s  r e q u i r e d  f o r  p a r t i a l  combust ion 
u s i n g  oxygen - 
more d i f f i c u l t .  I f  s u f f i c i e n t  mixing were n o t  p r o v i d e d ,  f lame s t a b i l i t y  
would d e c r e a s e ,  l o c a l i z e d  e x c e s s i v e  t e m p e r a t u r e s  would r e s u l t ,  and l a r g e  
q u a n t i t i e s  of  s o l i d  carbon would be formed t h a t  would g r e a t l y  i n c r e a s e  
t h e  t i m e  needed t o  complete  t h e  g a s i f i c a t i o n  p r o c e s s ;  a d d i t i o n a l  com- 
bust ion-chamber volume would be needed t o  produce a g i v e n  amount of 
r educ ing  gas .  

s a t i s f a c t o r y  mixing o f  t h e  r e a c t a n t s  would be  c o n s i d e r a b l y  

These f a c t o r s  were c o n s i d e r e d  i n  s e l e c t i n g  a commercial  f u e l - o i l  
b u r n e r  t h a t  was a d a p t a b l e  f o r  u se  a s  a p a r t i a l - c o m b u s t i o n  b u r n e r .  An 
a i r - a t o m i z i n g  v o r t e x  b u r n e r  was p rocured  t h a t  f u l f i l l e d  t h e s e  r e q u i r e -  
ments.  I n  a d d i t i o n  t o  t h e  f i n e  a t o m i z a t i o n  o b t a i n a b l e  w i t h  t h i s  b u r n e r ,  
t h e  main oxygen s t r eam had a c o u n t e r c l o c k w i s e  motion impar t ed  t o  i t  by 

*See References  I 
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means o f  v a n e s  i n  t h e  windbox. T h i s  a r r angemen t  p r o v i d e d  one of  t h e  
most  e f f i c i e n t  means a v a i l a b l e  i n  a commercial b u r n e r  f o r  mixing t h e  
f u e l  o i l  and  oxygen.  

F i g u r e  2 shows d e t a i l s  of  t h e  o i l - i n j e c t i o n  n o z z l e ,  t h e  c e n t e r  
c o n e ,  t h e  windbox vane d e t a i l  and t h e  oxygen n o z z l e  compr i s ing  t h e  
e s s e n t i a l  p a r t s  of t h e  b u r n e r ,  F i g u r e  3 i s  a s e c t i o n  view o f  t h e  
assembled b u r n e r ,  and F i g u r e  4 i s  a s e c t i o n  view o f  t h e  a tmosphe r i c  
t e s t  chamber. 

F i g u r e  5 shows a s c h e m a t i c  p i p i n g  diagram f o r  t h e  b u r n e r s .  The 
o i i  r a t e  i s  o b t a i n e d  by measu r ing  t h e  change i n  w e i g h t  o f  t h e  o i l -  
s u p p l y  b a r r e l  w i t h  t i m e .  A p o s i t i v e - d i s p l a c e m e n t  pump t r a n s p o r t s  t h e  
o i l  a g a i n s t  a c o n s t a n t  d e l i v e r y  p r e s s u r e  m a i n t a i n e d  by t h e  p r e s s u r e -  
r e g u l a t i n g  v a l v e .  The o i l  r a t e  i s  c o n t r o l l e d  manua l ly  w i t h  an a i r -  
o p e r a t e d  c o n t r o l  v a l v e .  The p r e s s u r e  s w i t c h e s  a r e  connec ted  t o  an 
a n n u n c i a t o r  t h a t  warns  when t h e  o i l  p r e s s u r e  d e v i a t e s  from a p r e s e t  
r a n g e ;  a s o l e n o i d  v a l v e  i n  t h e  l i n e  e n a b l e s  t h e  o i l  f l o w  t o  be s t o p p e d  
r a p i d l y .  I 

The p r i m a r y  oxygen f l o w  is  measured by a c a l i b r a t e d  r o t a m e t e r  and 
i s  c o n t r o l l e d  m a n u a l l y  by a n e e d l e  v a l v e .  The p r e s s u r e  s w i t c h  i n  t h e  
oxygen l i n e  i s  c o n n e c t e d  t o  t h e  a n n u n c i a t o r  p a n e l  t o  i n d i c a t e  a low- 1 
p r e s s u r e  oxygen s u p p l y ;  a s o l e n o i d  v a l v e  e n a b l e s  t h e  oxygen f low t o  be 
s t o p p e d  r a p i d l y .  ( 

The s y s t e m  w a s  p i p e d  t o  p r o v i d e  f o r  e i t h e r  a i r  or oxygen atom- 
i z a t i o n .  The a t o m i z i n g  f l o w  rate was measured by a c a l i b r a t e d  ro t ame t t  
E l e c t r i c  r e s i s t a n c e  h e a t e r s  were i n s t a l l e d  i n  b o t h  t h e  p r imary  oxygen 
and t h e  a t o m i z i n g  l i n e s  so t h a t  t h e s e  s t r e a m s  c o u l d  be h e a t e d  d u r i n g  
c o l d - w e a t h e r  o p e r a t i o n .  

F i g u r e  6 shows a s c h e m a t i c  d i ag ram o f  t h e  e l ec t r i ca l  w i r i n g  f o r  1 

one  b u r n e r  sys t em.  The p r e s s u r e  s w i t c h e s  a r e  connec ted  t o  an annunci-  
a t o r  t h a t  r i n g s  a n  a l a r m  and f l a s h e s  a l i g h t  when any o f  t h e  supp ly  
p r e s s u r e s  d e v i a t e  from a p r e s e t  r a n g e .  The s o l e n o i d  v a l v e  s w i t c h e s  art 
a r r a n g e d  s o  t h a t  t h e  a t o m i z i n g  g a s  f low h a s  t o  be  s t a r t e d  b e f o r e  t h e  
o i l  and oxygen t o  p r o v i d e  a s a f e  s t a r t - u p .  

To become f a m i l i a r  w i t h  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  
b u r n e r ,  tes ts  were made u s i n g  o n l y  a i r  and N o .  6 f u e l  o i l .  A t y p i c a l  
c h e m i c a l  a n a l y s i s  of  t h e  N o .  6 f u e l  o i l  i s  shown i n  Tab le  I .  Although 
t h e  b u r n e r  pe r fo rmed  as e x p e c t e d  unde r  complete-combust ion c o n d i t i o n s ,  
b u r n e r  o p e r a t i o n  became u n s t a b l e  a s  t h e  a i r  r a t e  was d e c r e a s e d .  Appar- 
e n t l y ,  t h e  h e a t  r e l e a s e d  p e r  u n i t  volume o f  f u e l  became so l o w  t h a t  t h c  
f l ame  cou ld  n o t  p r o p a g a t e  i t s e l f  e f f e c t i v e l y .  The n e x t  s t e p  was t o  use 
oxygen f o r  p r i m a r y  combust ion g a s  and a i r  f o r  a t o m i z a t i o n .  

During t h e s e  i n i t i a l  tes ts  u s i n g  oxygen,  t h e  b u r n e r  was be ing  
f i r e d  a t  4 0  t o  50  pounds o f  o i l  p e r  hour  u s i n g  z e r o  t o  1 0  p e r c e n t  
e x c e s s  oxygen,  a n d  w i t h  an a t o m i z i n g  p r e s s u r e  o f  4 0  t o  6 0  p s i g .  
p r e s s u r e  d r o p  a c r o s s  t h e  windbox o f  t h e  b u r n e r  ( a  measu re lo f  t h e  energy 

The 
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r e l e a s e d  t o  t h e  g a s  stream f o r  mixing  t h e  r e a c t a n t s )  w a s  approximate ly  
t w o  i n c h e s  of w a t e r .  I n  a d d i t i o n , t o  poor  c o n v e r s i o n s  ( t h e  f r a c t i o n  of 
ca rbon  i n  t h e  o i l  t h a t  i s  g a s i f i e d )  d u r i n g  t h e s e  s t u d i e s ,  h a r d  carbon 
would r a p i d l y  b u i l d  up  i n  t h e  combust ion  chamber.  T h i s  would d i r e c t  
t h e  f lame back o n t o  t h e  b u r n e r  t i p  and  f o r c e  a shutdown. The h a r d  car- 
bon bu i ld -up  w a s  a t t r i b u t e d  t o  a combina t ion  o f  coarse a t o m i z a t i o n  and 
l a c k  o f  t u r b u l e n c e  i n  t h e  chamber,  and  p robab ly  o c c u r r e d  when o i l  drop- 
l e t s  impinged on t h e  h o t  r e f r a c t o r y  s u r f a c e .  I t  was obv ious  t h a t  f i n e r  
a t o m i z a t i o n  and i n c r e a s e d  t u r b u l e n c e  i n  t h e  .chamber were n e c e s s a r y  t o  
p r e v e n t  fo rma t ion  of  h a r d  carbon.  F i n e r  a t o m i z a t i o n  w a s  o b t a i n e d  by 
i n c r e a s i n g  t h e  a t o m i z i n g  p r e s s u r e .  I n c r e a s e d  t u r b u l e n c e  i n  t h e  com- 
b u s t i o n  chamber w a s  o b t a i n e d  by  i n c r e a s i n g  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  
wincbox. T h i s  w a s  done  by d e c r e a s i n g  t h e  g a p  between t h e  vanes  i n  t h e  
windbox ( p a r t  2 ,  F i g u r e  2 )  from 1/16 i n c h  t o  1/64 i n c h ,  and d e c r e a s i n g  
t h e  d i a m e t e r  of t h e  oxygen n o z z l e  ( p a r t  4 ,  F i g u r e  2 )  from 1 i n c h  t o  
0 . 8 8  i n c h .  These  changes  e l i m i n a t e d  t h e  h,ard-carbon b u i l d - u p ,  b u t  d i d  
n o t  a p p r e c i a b l y  improve c o n v e r s i o n .  I t  w a s  l a t e r  de te rmined  t h a t  
e r o s i o n  o f  t h e  n o z z l e  t i p  nad  been  t h e  ma jo r  c a u s e  of coarse a t o m i z a t i o n  
a t  40  p s i g  a t o m i z i n g  p r e s s u r e ,  and t h a t  s a t i s f a c t o r y  o p e r a t i o n  a t  t h i s  
a t o m i z i n g  p r e s s u r e  w a s  p o s s i b l e  w i t h  a ' n e w  n o z z l e .  When t h e s e  changes 
were made i t  w a s  p o s s i b l e  t o  o p e r a t e  t h e  b u r n e r  c o n t i n u o u s l y  f o r  
ex tended  p e r i o d s  ( a t  l e a s t  8 h o u r s )  and a t e s t  program was begun t o  
d e t e r m i n e  t h e  o p e r a t i n g  c o n d i t i o n s  f o r  most e f f i c i e n t  f u e l  convers ion .  
The independen t  v a r i a b l e s  chosen  w e r e  o i l  r a t e ,  p e r c e n t  e x c e s s  oxygen, 
and a tomiz ing  p r e s s u r e .  The r a n g e  o f  c o n d i t i o n s  s t u d i e d  a r e  l i s t e d  i n  
Table 11. 

I 1  

'' 

T e s t i n g  began  when t h e  w a l l s  of  t h e  a tmosphe r i c  t e s t  chamber 
became i n c a n d e s c e n t .  The independen t  v a r i a b l e s  chosen  f o r  t h e  t es t  
were e s t a b l i s h e d  and 30 m i n u t e s  w a s  allowed f o r  a t t a i n m e n t  o f  s teady-  
s t a t e  c o n d i t i o n s .  Two g a s  samples, one  3 f ee t  and one  1 . 5  f e e t  from 
t h e  b u r n e r  n o z z l e ,  w e r e  t h e n  t a k e n  from t h e  i n s i d e  w a l l  of  t h e  t es t  
chamber u s i n g  an uncoo led  1 /4 - inch -d iame te r  s t a i n l e s s - s t e e l  t u b e .  
These samples  were a n a l y z e d  b y  g a s  chromatography f o r  CO, C 0 2 ,  H 2 ,  
and  N 2 .  S e v e r a l  s amples  were a n a l y z e d  w i t h  a mass s p e c t r o m e t e r  t o  
d e t e r m i n e  t h e  q u a n t i t i e s  o f  other  hydrocarbons  ( s u c h  as C H 4 ,  Q H 2 ,  
and  c2ii6) b e i n g  formed.  The mass-spec t rometer  r e s u l t s  i n d i c a t e d  t h a t  
less  t h a n  1 . 5  p e r c e n t  o f  t h e  t o t a l  p r o d u c t  g a s  w a s  made up o f  con- 
s t i t u e n t s  o t h e r  t h a n  CO,  C 0 2 ,  1-12, and " 2 ;  t h e  chromatograph r e s u l t s  
i i e r e  t h e r e f o r e  used  t o  c a l c u l a t e  ma te r i a l  b a l a n c e s .  E lementa l  b a l a n c e s  
f o r  hydrogcn,  c a r b o n ,  and oxygen w e r e  u s e d .  t o  c a l c u l a t e  t h e  q u a n t i t i e s  
o f  soot and water v a p o r ,  and t h e  t o t a l  moles o f  d r y . g a s  formed. A 
cneck on t h e  c o n s i s t e n c y  of  t h e  d a t a  was p o s s i b l e  by a n i t r o g e n  b a l a n c e .  

Ana1:;sis o f  t h e  d a t a  from t h i s  program showed t h a t  t h e  b u r n e r  W a s  

!lot ve r i .  e f f i c i e n t  ( c f . r e s u l t s  b e l o w ) .  Because i t  was b e l i e v e d  t h a t  
t h e  o r i c ; i n a l  n o z z l e  :.{as t h e  major  s o u r c e  o f  t r o u b l e ,  s t u d i e s  were a l s o  
made u s i n g  a s p e c i a l  ' spray  n o z z l e  d e s i g n e d  f o r  o p e r a t i o n  o v e r  a wider  
r a n q c  of  f u e l  r a t e s .  F i g u r e  7 i s  a d e t a i l e d  drawing o f  t h i s  n o z z l e .  
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R e s u l t s  of Burner  T e s t s  
. .  

Most commercial  b u r n e r  sys t ems  are o p e r a t e d  unde r  comple t e  com- 
b u s t i o n  c o n d i t i o n s  a n , d , . e f f i c i e n c i e s  a r e  u s u a l l y  e x p r e s s e d  a s  the rma l  
o u t p u t  p e r  u n i t  of.  f u e l .  consumed;::'. ; in t h e  case of  p a r t i a l - c o m b u s t i o n  
s y s t e m s ,  it i s  more m e a n i n g f u l l t o  c o n s i d e r  t h e  d e g r e e  of g a s i f i c a t i o n  
of t h e  f u e l .  
pu rpose  - t o  produce  r e d u c i n g  g a s  and t o  produce  s u f f i c i e n t  h e a t  t o  
m e l t  t h e  s o l i d  p r o d u c t s  i n  a s m e l t i n g  o p e r a t i o n .  Thus, t h e  fo rma t ion  
o f  a s m a l l  amount of C 0 2  and H20 is  n o t  n e c e s s a r i l y  d e t r i m e n t a l  t o  
t h e  performance .of t h e  p r o c e s s .  
u n g a s i f i e d  carbon l e a v i n g  t h e  combust ion zone w i l l  remain a s  such  i n  
i t s  passage  th rough  t h e  reactor and t h u s  r e p r e s e n t  an u n r e c o v e r a b l e  
loss of ene rgy .  I n  th ,e  a n a l y s i s  of  t h e  p r e s e n t  d a t a ,  t h e r e f o r e ,  t h e  
p e r c e n t  e x c e s s , o x y g e n  was :cons ide red . . a s  t h e  independen t  v a r i a b l e ,  t h e  
p e r c e n t  u n g a s i f i e d  ca rbon  a s  - the  dependen t  v a r i a b l e ,  and t h e  f u e l  r a t e ,  
a t o m i z i n g  p r e s s u r e ,  and  sampl ing  l o c a t i o n  a s  t h e  parameters. 

I n  the :p ' r e s . en t  app1 ica ; t i on  t h i s  t y p e  o f  b u r n e r  h a s  a d u a l  

However, it is p o s s i b l e  t h a t  any  

. .  

F i g u r e  8 shows t h e  daea  o b t a i n e d  i n s i d e  t h e  t es t  chamber 3.0 f e e t  
and 1 . 5  f e e t  from t h e  o r i g i n a l  n o z z l e  t i p  w h i l e  o p e r a t i n g  a t  an  o i l  
ra te  o f  45 t o  50 pounds p e r  h o u r ;  a tomiz ing  p r e s s u r e  is  t h e  pa rame te r .  
I t  is  c l e a r  t h a t ,  a t o m i z i n g l p r e s s u r e  h a s  l i t t l e  e f f e c t  on . f u e l  c o n v e r s i o n ,  
p r o b a b l y  because  a tomiz ing  p r e s s u r e  has  l i t t l e  e f f e c t  on t h e  mixing  o f  
t h e  o i l  and oxygen. T h i s  would n o t  b e  t r u e  a t  v e r y  low a t o m i z i n g  p r e s -  
s u r e s  (up t o  abou t  2 0  p s i g )  where a t o m i z a t i o n  i s  c o a r s e  and t h e  r a t e  
o f  e v a p o r a t i o n  becomes a l i m i t i n g  s tep  i n  t h e  b u r n i n g  p r o c e s s .  I t  i s  
concluded  t h a t  :for a l l  t h e  a t o m i z i n g  p r e s s u r e s ' s t u d i e d ,  the f i n e n e s s  
o f  a t o m i z a t i o n  w a s  s u f f i c i e n t  t o  m a i n t a i n  an e v a p o r a t i o n  r a t e  g r e a t e r  
t h a n  t h e  r e a c t a n t  mix ing .  r a t e ,  t h e r e b y  making b u r n e r  per formance  
independen t  of  a tomiz ing  p r e s s u r e .  T h i s  r e s u l t  h e l d  a t  t h e  h i g h e r  o i l  
ra tes  and a l s o  f o r  t h e  s p e c i a l  s p r a y  n o z z l e .  

.- , F i g u r e  9 r e p r e s e n t s  t h e  d a t a  when c o n s i d e r i n g  t h e  f u e l  ra te  as  a . .  
paramete r .  
c o n v e r s i o n . .  T h i s  r e su1 . t  i s  p robab ly  due  t o  t h e  f a c t  t h a t  t h e  d e c r e a s e d  
r e s i d e n c e  t i m e . f o r  t h e  h i g h e r  f u e l  r a t e s  i s  compensa$ed. for  by i n c r e a s e d  
t u r b u l e n c e  and concomi tan t  improvement i n  msxing. 

It':& clear  t h a t  f u e l  r a t e  h a s  no s i g n i f i c a n t  e f f e c t  on  

2 F i g u r e  10. is  a p l o t  o f  p e r c e n t  u n g a s i f i e d  .carbon, v e r s u s  p e r c e n t  
e x c e s s  oxygen f o r  comparable  d a t a  u s i n g  . the  o r i g i n a l  n o z z l e  and t h e  
s p e c i a l  s p r a y  n o z z l e .  B e t t e r  c o n v e r s i o n s  were o b t a i n e d  w i t h  t h e  s p e c i a l  
s p r a y  nozz le .  . .  

I n  a l l  c a s e s ,  b e t t e r  c o n v e r s i o n s  were o b t a i n e d  3 f e e t  from t h e  
noz_z.le t i p  t han  1 . 5 ' f e e t . f r o m  t h e  t i p .  T h i s  d i s t a n c e  would b e  expec ted  
t o  d i r e c t l y  a f f e c t  t h e  c o n v e r s i o n  s i n c e  t h e  e x t e n t  o f  mix ing  i s  a func-  
t i o n  o f  t h a t  d i s t a n c e  ( i n  terms of  i n c r e a s e d  r e s i d e n c e  t i m e ) .  I n  
a ' d d i t i o n ,  t h e  b u r n i n g . t i m e s  o f  t h e  s o l i d  r e s i d u e  and soot a r e  p robab ly  
comparable  t o  t h e  r e s i d e n c e  t i m e  of t h e  g a s  i n  t h e  t e s t  chamber .  
even  w i t h  p e r f e c t  mix ing ,  a d i f f e r e n c e  i n  c o n v e r s i o n  would e x i s t  

Thus, 

between. the.,. two ...samplln g., l o c a t i o n s .  . . . . .. .~ 

I 
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Under. a l l  c o n d i t i o n s ,  w i t h  less t h a n  1 5  p e r c e n t  e x c e s s  oxygen, 

\ 

j 
1 
1 

t h e  u n g a s i f i e d  c a r b o n  w a s  g r e a t e r  t h a n  20 p e r c e n t .  With i d e a l  mixing 
o f  t h e  r e a c t a n t s ,  a n y  u n g a s i f i e d  ca rbon  would r e p r e s e n t  s o l i d  carbon 
from n o n v o l a t i l e  mat ter  i n  t h e  o i l  and n o t  from c r a c k i n g  o f  t h e  vola-  
t i l e s .  However, th.e o i l  c o n t a i n e d  g rea t e r  t h a n  90 p e r c e n t  v o l a t i l e  

from c r a c k i n g  of v o l a t i l e s .  T h i s  i s  so b e c a u s e , . w i t h  p e r f e c t  mix ing ,  
t h e  v o l a t i l e s  would p r o b a b l y  bu rn  as r a p i d l y  a s  t h e y  e ~ a p o r a t e , ~ )  and 
t h e  q u a n t i t y  o f  u n g a s i f i e d  ca rbon  would b e  1 0  p e r c e n t  o r  l ess ,  
on t h e  sampl ing  p o s i t i o n  and b u r n i n g  t i m e  o f  t h e  r e s i d u e .  

matter. Thus,  a t  least  h a l f  o f  t h e  u n g a s i f i e d  ca rbon  formed came i 

depending I 
The r e s u l t s  o f  o t h e r  work done on  e v a p o r a t i o n  ra tes  and combustion 

r a t e s  o f  f u e l  d r o p l e t s 3 )  i n d i c a t e  t h a t  0.3 t o  0 . 6  seconds  ( t h e  average  
r e s i d e n c e  t i m e  a v a i l a b l e  f o r  a d r o p  t o  react  i n  o u r  a p p a r a t u s )  is f a r  
i n  e x c e s s  o f  t h e  t i m e  needed  t o  e v a p o r a t e  and b u r n  t h e  v o l a t i l e  mat ter .  
I t  i s  t h e r e f o r e  b e l i e v e d  t h a t  t h e  p r e s e n t  sys tem c o u l d ,  w i t h  p e r f e c t  
mix ing  o f  the.  reac tan ts ,  g a s i f y  a l l  ca rbon  c o n t a i n e d  i n  t h e  v o l a t i l e  
m a t t e r  and produce  a p r o d u c t  g a s  c o n t a i n i n g  l e s s  t h a n  1 0  p e r c e n t  ungas i -  
f i e d  carbon.  Because  g a s i f i c a t i o n  o f  s o l i d  r e s i d u e  i s  a b o u t  1 0  t i m e s  
slower t h a n  g a s i f i c a t i o n  o f  v o l a t i l e s ,  c o n v e r s i o n s  b e t t e r  t h a n  9 0  per-  
c e n t  would r e q u i r e  l o n g e r  r e s i d e n c e  t i m e  t h a n  c a n  be o b t a i n e d  i n  t h e  
t e s t  chamber. I n  a n y  e v e n t ,  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  proposed 
s m e l t i n g  p r o c e s s  s h o u l d  n o t  be r e s t r i c t e d  by t h e  l o w  c o n v e r s i o n s  o b t a i n e ,  
i n  t h e  t e s t  chamber.  T h i s  c o n c l u s i o n  i s  based  on t h e  knowledge t h a t ,  , 
even when o p e r a t i n g  w i t h  20 p e r c e n t  e x c e s s  oxygen,  t h e  gas produced w i l l /  
be r e d u c i n g  t o  Feu. . T a b l e  I11 shows t h e  r e s u l t s  of a r e p r e s e n t a t i v e  r u n  
and a comparison o f  t h e  a c t u a l  CO2/CO and H20/H2 r a t i o s  w i t h  t h e  e q u i l i -  
br ium r a t i o s  for 2000 F. Although t h e  H 2 0 / H 2  r a t i o  is  o n l y  modera te ly  
r e d u c i n g ,  t h e  CO2/CO r a t i o  i s  s u b s t a n t i a l l y  r e d u c i n g  t o  FeO. I n  addi -  
t i o n ,  it must be remembered t h a t  t h e  o p e r a t i o n  o f  t h e  proposed  p r o c e s s  
w i l l  p r o v i d e  enough s o l i d  ca rbon  i n  t h e  burden  t o  r educe  t h e s e  com2lete 
combust ion F r o d u c t s  and f o r  s o l u t i o n  i n  t h e  h o t  m e t a l  produced.  

1 

t 

P i l o t - P l a n t  Design 

F i g u r e  11 i s  a p i c t u r e  of  t h e  p i l o t  p l a n t  compr i s ing  o f  a s h a f t  1 

reac tor ,  a d m b l e - h o p p e r  a r rangement  f o r  f e e d i n g  s o l i d s ,  a n  o f f - g a s  
s y s t e m ,  and a c o n t r o l  room t h a t  houses  most  of  t h e  equipment  f o r  oper -  
a t i n g  t h e  b u r n e r s .  F i g u r e  1 2  shows a c r o s s - s e c t i o n a l  d iagram o f  t h e  
reac tor ,  which is  c o n s t r u c t e d  i n  f o u r  s e c t i o n s :  t h e  h e a r t h ,  t h e  lower 
s t a c k  ( c o n t a i n i n g  t w o  d i a m e t r i c a l l y  opposed  b u r n e r  mounting a s s e m b l i e s ) ,  
t h e  up?er  s t a c k ,  and t h e  t o p  head .  The reactor s h a f t  is  a 1 0 - f o o t  
s t r a i g h t  s e c t i o n ,  1 f o o t  i n  d i a m e t e r ,  t h a t  f l a r e s  t o  2 f e e t  where it 
i s  a t t a c h e d  t o  the  h e a r t h .  The h e a r t h  i s  2 f e e t  i n  d i a m e t e r  and 2 f e e t  
h i g h .  The reactor i s  l i n e d  w i t h  1 8  i n c h e s  of  r e f r a c t o r y  m a t e r i a l ;  
t h e  i n n e r  face o f  h igh-a lumina  b r i c k  i s  backed by a l a y e r  of f i r e - c l a y  
b r i c k  and a l a y e r  o f  l ow-conduc t iv i ty  c a s t a b l e  r e f r a c t o r y .  The r e f r a c -  
t o r y  i s  s e p a r a t e d  f rom t h e  s t ee l  s h e l l  b y  a on?-inch l a y e r  o f  a s b e s t o s  
b l o c k  i n s u l a t i o n .  

E 
s u r e s ,  
s t a c k .  

g h t  f l a n g e d  p o r t s  f o r  measur ing  s t a c k  t e m p e r a t u r e s  and p r e s -  
and  f o r  o b t a i n i n g  gas samples  are l o c a t e d  a t  f o u r  l e v e l s  o f  t h e  I 
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Table I 

Chemical A n a l y s i s  o f  No.  6 F u e l  O i l  

Carbon 
Hydrogen 
Oxygen 
N i t r o g e n  
S u l f u r  
Ash 
V o l a t i l e  Matter 
Fixed Carbon 

T a b l e  I1 

Weight P e r c e n t  

87.24 
. 11 .19  

0.69 
0.27 
0.59 
0.02 

94.56 
5.42 

Range of Variables S t u d i e d  i n  t h e  T e s t  Chamber 

O i l  Rate, l b / h r  Atomizing P r e s s u r e ,  p s i g  Excess  Oxygen, % 

48 
58 

8 0 ,  70, 60 ,  4 0  
80 ,  7 0 ,  60 

0 t o  30 
0 t o  30 

Table I11 

R e s u l t s  of R e p r e s e n t a t i v e  Burne r  O p e r a t i o n  w i t h  No. 6 Fuel  O i l  

T e s t  N u m b e r  181 

O i l  R a t e  
Atomizing A i r  R a t e  
Pr imary Oxygen R a t e  
Excess  Oxygen 
U n g a s i f i e d  Carbon 

56.4 l b / h r  
3.39 scfm* 
15.05 scfm 
21.6% 
17 .0% 

P r o d u c t  G a s  A n a l y s i s ,  Mole P e r c e n t  

co2 5.5 
co 43 .1  
H2 27.7 
H20 17.2 
N2 6.5 

co2 = 0.390 

- H20 = 0.621 
H2 

H2° = 0.675 

eq 
Ha 

I E q u i l i b r i u m  r a t i o s  are f o r  2000 F 

* '10 F and 1 a t m  
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w 
K 
3 

lb 
0 
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Par t ia l -Combust ion  S t u d i e s  i n  P i l o t  P l a n t  

I n  t h e  a tmosphe r i c  tes t  chamber t h e  combust ion e f f i c i e n c y  
( e x p r e s s e d  a s  t h e  p e r c e n t  of  carbon g a s i f i e d )  was low; a t  l eas t  15  
p e r c e n t  e x c e s s  oxygen ( o v e r  t h e  t h e o r e t i c a l  oxygen f o r  combust ion t o  
CO and H2) was needed f o r  80 p e r c e n t  g a s i f i c a t i o n .  These low conver- 
s i o n s  were caused  by t h e  low r e s i d e n c e  t i m e s  and h i g h  h e a t  losses i n  
t h e  t e s t  chamber. I n  a d d i t i o n ,  it was l e a r n e d  t h a t  t h e  o i l  r a t e  and 
t h e  a tomiz ing  p r e s s u r e  had v e r y  l i t t l e  e f f e c t  on t h e  combust ion 
e f f i c i e n c y .  The p e r c e n t  e x c e s s  oxygen and t h e  r e s i d e n c e  t i m e  were 
t h e  o n l y  v a r i a b l e s  t h a t  s i g n i f i c a n t l y  a f f e c t e d  combust ion e f f i c i e n c y ;  
g a s i f i c a t i o n  i n c r e a s e d  wi th  i n c r e a s e d  e x c e s s  oxygen and f u r t h e r  d i s -  
t a n c e  from t h e  b u r n e r .  

A test  program was run  i n  t h e  p i l o t  p l a n t  t o  v e r i f y  and ex tend  
t h e  r e s u l t s  o b t a i n e d  i n  t h e  a tmosphe r i c  t e s t  chamber. The r anges  of  
t h e  independent  o p e r a t i n g  v a r i a b l e s  a r e  l i s t e d  i n  Tab le  I V .  Each 
bu rne r  t e s t  c o n s i s t e d  o f  two hours  of o p e r a t i o n  a t  t h e  test  c o n d i t i o n s .  
A set  o f  gas  samples  (bot tom,  t o p ,  and o f f - g a s )  w a s  t a k e n  a f t e r  one  
hour  and a f t e r  two hour s  o f  o p e r a t i o n .  M a t e r i a l  b a l a n c e s  were t h e n  
c a l c u l a t e d  from t h e  o p e r a t i n g  d a t a  and chemica l  a n a l y s i s  of t h e  sam- 
p l e s .  

The r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  1 3  a s  p e r c e n t  u n g a s i f i e d  c a r -  
bon v e r s u s  p e r c e n t  e x c e s s  oxygen f o r  t h e  s p e c i a l  s p r a y  n o z z l e  and f o r  
t h e  o r i g i n a l  n o z z l e .  The r e s u l t s  o b t a i n e d  i n  t h e  a tmosphe r i c  t e s t  
chamber a r e  a l s o  shown f o r  comparison.  Convers ions  i n  t h e  r e a c t o r  were 
much b e t t e r - t h a n  i n  t h e  test  chamber because  of t h e  l o n g e r  r e s i d e n c e  
t i m e  and h i g h e r  t e m p e r a t u r e s .  Convers ions  f o r  t h e  s p e c i a l  s p r a y  noz- 

! z l e  were s i g n i f i c a n t l y  b e t t e r  t h a n  f o r  t h e  o r i g i n a l  n o z z l e .  A s  i n  t h e  
a tmospher ic - tes t -chamber  o p e r a t i o n ,  t h e r e  was no s i g n i f i c a n t  e f f e c t  o f  
t h e  a tomiz ing  p r e s s u r e  o r  t h e  o i l  r a t e  on t h e  b u r n e r  performance.  

There  is  c o n s i d e r a b l e  s c a t t e r  i n  t h e  d a t a  i n  F igu re  13. This  
s c a t t e r  is  a t t r i b u t e d  p r i m a r i l y  t o  poor  g a s  mixing and d i s t r i b u t i o n  
and t o  t h e  f a c t  t h a t  t h e  m a t e r i a l  b a l a n c e s  a r e  v e r y  s e n s i t i v e  t o  sma l l  
d i f f e r e n c e s  i n  n i t r o g e n  c o n c e n t r a t i o n .  I t  is  t h e r e f o r e  i n s t r u c t i v e  t o  
s t u d y  t h e  r e s u l t s  of a 24-hour t es t  w i t h  c o n s t a n t - b u r n e r  o p e r a t i n g  con- 
d i t i o n s .  Gas samples  w e r e  t a k e n  a t  t h e  bot tom and t o p  o f  t h e  r e a c t o r ,  
and from t h e  o f f - g a s  l i n e  eve ry  hour  d u r i n g  t h i s  run .  The o t h e r  oper-  
a t i n g  v a r i a b l e s  w e r e  r eco rded  p e r i o d i c a l l y  so t h a t  an a v e r a g e  m a t e r i a l  
b a l a n c e  could  be c a l c u l a t e d  f o r  t h e  day of  o p e r a t i o n .  The m a t e r i a l  
f l ows  w e r e  h e l d  c o n s t a n t  d u r i n g  t h e  whole o p e r a t i o n ;  t h e r e  w a s  less 
t h a n  5 p e r c e n t  v a r i a t i o n  i n  any of the f lows .  The ave rage  o p e r a t i n g  
d a t a  and r e s u l t s  are p r e s e n t e d  i n  Table  V. There was more u n g a s i f i e d  
carbon a t  t h e  bot tom of  t h e  r e a c t o r  t h a n  a t  t h e  t o p  o r  i n  t h e  o f f - g a s .  
T h i s  r e s u l t  was expec ted  because  t h e  s t u d i e s  made i n  t h e  a tmosphe r i c  
t e s t  chamber showed t h a t  g a s i f i c a t i o n  i n c r e a s e d  w i t h  l o n g e r  r e s i d e n c e  
t i m e s .  The i n c r e a s e  i n  u n g a s i f i e d  carbon between t h e  t o p  and t h e  o f f -  
g a s  s e c t i o n s  was unexpec ted  and may be  due t o  carbon d e p o s i t i o n  i n  t h i s  
p a r t  o f  t h e  sys tem.  
showed t h i s  same t r e n d ;  t h e r e  was a s l i g h t l y  h i g h e r  amount o f  u n g a s i f i e d  

Most of  t h e  s h o r t - d u r a t i o n  tests i n  t h e  r e a c t o r  



T a b l e  XV 

3 O p e r a t i n g  Ranges f o r  Burne r  T e s t  Program 

Excess Oxygen, % - 5 to 25 
O i l  R a t e ,  l b / h r  40 t o  9 0  
Atomizing P r e s s u r e ,  p s i g  40 t o  70  
Sampling P o s i t i o n  B o t t o m  o f  Reactor 

Top of Reactor 
Off-Gas System 

T a b l e  V 

Summary of Average O p e r a t i n g  C o n d i t i o n s  and 
R e s u l t s  of 24-Hour B u r n e r  T e s t  ( 2  B u r n e r s )  

O i l  R a t e  
Atomizing A i r  R a t e  
Pr imary Oxygen R a t e  
Atomizing P r e s s u r e  
P e r c e n t  E x c e s s  Oxygen 

Dry-Gas Ana lyses ,  
V O l .  % B o t t o m  

co 
co2 
H 2  
N2 

52.6 
4.1 

34.6 
8.7 

Wet-Gas Ana lyses ,  
V O l .  % Bottom 

co 46.4 

30.5 
co2  
H2 
H20 11 .9  
N2 7.7 

3 . 5  I 

Top 

51.9 
3.2 

36.4 
8.5 

- TOP 

49.6 
3 .1  

34.8 
4.4 
8 . 1  

P e r c e n t  U n g a s i f i e d  C 1 0 . 0  -3 .1  

73.4 l b / h r / b u r n e r  
6 .51  sc fm/burne r  
18.23 scfm/burner  

17 .7  
70 p s i g  I 

Off - G a s  

52.3 
3.2 

35.8 
8 . 7  

Off-Gas 

48.9 
3.0 

33.5 
6 . 3  
8.2 

0.1 

Ni t rogen-Ba lance  Error  0 .7% 
( I n d e p e n d e n t  Data Check) 
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ca rbon  i n  t h e  o f f - g a s  l i n e  t h a n  a t  t h e  t o p  of t h e  reactor and con- 
v e r s i o n s  a t  bo th  of t h e s e  l o c a t i o n s  w e r e  much h i g h e r  t h a n  a t  t h e  
bot tom o f  t h e  r e a c t o r .  

These r e s u l t s  o f  t h e  b u r n e r  tests r u n  w i t h  an  u n f i l l e d  r e a c t o r  
are summarized a s  follows: 

1. Burner  ra tes  were v a r i e d  from 4 0  t o  90 pounds o f  o i l  p e r  
hour  w i t h  no  s i g n i f i c a n t  d i f f e r e n c e  i n  b u r n e r  per formance .  

2 .  Atomizing p r e s s u r e s  w e r e  v a r i e d  from 40 t o  70 p s i g  w i t h  no 
s i g n i f i c a n t  d i f f e r e n c e  i n  b u r n e r  per formance .  

3.  S t a b l e  b u r n e r  o p e r a t i o n  w a s  o b t a i n e d  from minus 1 0  t o  p l u s  
2 5  p e r c e n t  e x c e s s  oxygen. 

, 

4 .  The b u r n e r s  c o u l d  be  o p e r a t e d  c o n t i n u o u s l y  f o r  a t  l e a s t " 5 '  
days  w i t h  no  n o t i c e a b l e  n o z z l e  e r o s i o n .  

5. Combustion chambers cas t  from h i g h - p u r i t y  magnesium o x i d e  
and burned  a t  a b o u t  2800 F per formed v e r y  w e l l .  

Burner  Redesign 

S e v e r a l  problems a s s o c i a t e d  w i t h  b u r n e r  d e s i g n  w e r e  b r o u g M i n t o  
f o c u s  d u r i n g  t h e  r e a c t o r - t e s t  program. F i r s t ,  i n  t h e  o r i g i n a l  d e s i g n  
t h e  combust ion chamber w a s  l o c a t e d  ve ry  c l o s e  t o  t h e  o u t s i d e  mounting 
f l a n g e .  H e a t  losses w e r e  t h e r e f o r e  u n n e c e s s a r i l y  h i g h  and t h e  mounting 
f l a n g e  was s u s c e p t i b l e  t o  h igh - t empera tu re  damage. I n  a d d i t i o n ,  removal 
o f  t h e  b u r n e r  f o r  i n s p e c t i o n  i n v a r i a b l y  b roke  t h e  combust ion chamber, 
and t h i s  meant a comple t e  r e b u i l d i n g  o f  t h e  b u r n e r .  And f i n a l l y ,  t h e  
i n s p e c t i o n  and r ep lacemen t  o f  b u r n e r  n o z z l e s  t h a t  p lugged  d u r i n g  opera-  
t i o n  w a s  t i m e  consuming. 

F i g u r e  1 4  shows a drawing  o f  t h e  r e v i s e d  b u r n e r  d e s i g n .  T h i s  * 

d e s i g n  e l i m i n a t e s  a l l  t h e  problems d i s c u s s e d  above w i t h o u t  s a c r i f i c i n g  
any  f e a t u r e s  d t h e  o r i g i n a l  d e s i g n  t h a t  are n e c e s s a r y  f o r  e f f i c i e n t  
combust ion .  The combust ion  chamber w a s  r e l o c a t e d  c loser  t o  t h e  s t a c k ,  
t h e r e b y  minimiz ing  h e a t  losses and p r o t e c t i n g  t h e  mounting.  The 
u n i t i z e d  sys tem c o u l d  b e  q u i c k l y  removed and r e p l a c e d  i f  any t r o u b l e  
o c c u r r e d ;  a l s o ,  t h e  sys t em r e t a i n e d  t h e  v o r t e x  a c t i o n  o f  t h e  pr imary  
oxygen i n p u t .  

O p e r a t i o n  of  P i l o t  P l a n t  as a Steel  Melter 

A f t e r  t h e  o p e r a t i o n  o f  r e d e s i g n e d  p a r t i a l - c o m b u s t i o n  b u r n e r s  was 
demons t r a t ed  t o  be s a t i s f a c t o r y  w i t h  a c o k e - f i l l e d  s t a c k ,  i t  was p lanned  
t o  s t u d y  t h e  o p e r a t i o n  o f  t h e  s y s t e m  as a s t e e l  melter. S t e e l  punchings 
1 i n c h  i n  d i a m e t e r  and 3 /8- inch  h i g h  and s m a l l  coke were used  as t h e  
bu rden .  
c o n s e c u t i v e  days  ( i n c l u d i n g  one  day f o r  s t a r t - u p ) .  Tab le  V I  p r e s e n t s  
a summary o f  t h e  o p e r a t i n g  c o n d i t i o n s  and r e s u l t s .  

The p i l o t  p l a n t  was o p e r a t e d  s u c c e s s f u l l y  as a m e l t e r  f o r  f o u r  

The oin r a t e  du r ing  
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Tab le  V I  

Summary of O p e r a t i n g  C o n d i t i o n s  and 
R e s u l t s  for Mel t ing  O p e r a t i o n  

P e r i o d  1 

D u r a t i o n ,  hours 
O i l  R a t e ,  l b / h r  
Atomizing A i r  Flow, s c f h  
Atomizing P r e s s u r e ,  p s i g  
Primary Oxygen Flow, s c f h  
Excess  Oxygen, % 
T h e o r e t i c a l  Flame Tempera tu re ,  F 
Burden R a t i o ,  l b  c o k e / l b  s tee l  
Approximate C a s t i n g  Rate ,  l b / h r  

42  
100 
7 2 0  

- 7 0  
1 5 3 0  
- 2 0  
4 2 7 5  
0 . 2 5  

8 5  

P e r i o d  2 

2 4  
100 
7 2 0  
e 7 0  
1 5 3 0  ( 1 0 0 %  0 2 )  - 2 0  
4 2 7 5  
0 . 1 1  
160 

Metal. A n a l y s i s ,  wt % 

1 

8 7 . 0 3  Charge P r o d u c t  
1 1 . 0 9  . Fe 98 .9  /u 9 8  

/ 
0 .29  S i  0.13 (0.01 t o  0 .29  / I  

0 . 9 5  S 0 . 0 3 1  0 . 1 1  t o  0 . 1 8  
0 .59  C 0 . 3 7  0.2 t o  2 . 6  
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t h i s  o p e r a t i o n  was 100 l b / h r  ( f o r  two b u r n e r s ) ;  t h e  b u r n e r s  were 
o p e r a t e d  w i t h  a b o u t  2 0  p e r c e n t  excess oxygen, and t h e  a t o m i z i n g  a i r  
p r e s s u r e  was 70 p s i g .  The burden movement was smooth, and h o t  m e t a l  
was s u c c e s s f u l l y  removed f r o m  t h e  h e a r t h  d u r i n g  t h i s  o p e r a t i o n .  
During t h e  f i r s t  day and a h a l f  of  m e l t i n g  o p e r a t i o n ,  t h e  c o k e - t o - s t e e l  
w e i g h t  r a t i o  w a s  0 .25 and t h e  m e l t i n g  ra te  was 85 l b / h r .  During t h e  
rest o f  t n i s  p e r i o d ,  t h e  c o k e - t o - s t e e l  r a t i o  w a s  d e c r e a s e d  t o  0 . 1 1  and 
t h e  m e l t i n g  r a t e  w a s  1 6 0  l b / h r .  I n s p e c t i o n  o f  t h e  s y s t e m  a f t e r  t h e  
shutdown showed t h a t  the  r e a c t o r  and t h e  b u r n e r  guns were i n  e x c e l l e n t  
c o n d i t i o n .  

O p e r a t i o n  of P i l o t  P l a n t  as  a S m e l t e r  

The p i l o t  p l a n t  w a s  o p e r a t e d  as a smel te r  w i t h  a burden  o f  90  per-  
c e n t  s e l f - f l u x i n g  s i n t e r  and 1 0  p e r c e n t  coke.  Table  V I 1  p r e s e n t s  a 
summary o f  t h e  s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n s  and r e s u l t s .  About 
1 2  h o u r s  a f t e r  t h e  f i r s t  c h a r g e ,  s m a l l  amounts o f  molten m e t a l  were 
t a p p e d .  The r a t e  o f  bu rden  movement g r a d u a l l y  i n c r e a s e d  f o r  t h e  n e x t  
7 h o u r s  u n t i l  it r e a c h e d  a s t e a d y  s t a t e .  For t h e  n e x t  13 h o u r s  ope ra -  
t i o n  w a s  v e r y  good. The c h a r g i n g  r a t e  a v e r a g e d  3 4 0  l b / h r  and was very 
s t e a d y .  Casts were made e v e r y  two h o u r s  and l i t t l e  d i f f i c u l t y  w a s  
e n c o u n t e r e d  i n  g e t t i n g  t h e  m a t e r i a l  t o  f low.  O p e r a t i o n  o f  t h e  b u r n e r  
was v e r y  smooth. The o p e r a t i o n  ended when t h e  burden hung a t  t h e  base 
o f  t h e  feed hopper  and t h e n  s l i p p e d  1-1/2 h o u r s  l a t e r ,  t h e r e b y  c h a r g i n g  
500 pounds o f  c o l d  material  i n t o  t h e  s t a c k .  T h i s  p lugged  t n e  stack and 
c a u s e d  a complete  shutdown. C o n s i d e r a b l e  damage was done t o  t h e  r e f r a c -  
t o r y  i n  t h e  h e a r t h  and lower s t a c k .  

As shown i n  T a b l e  V I I ,  t h e  t o t a l  ca rbon  r a t e  w a s  1300  lb/THM, 
o f  which t h e  coke s u p p l i e d  . abou t  300 lb/THM, and t h e  f u e l  o i l  1010 
lb/THM. Th i s  low t o t a l  f u e l  and c o k e  r a t i o  i s  v e r y  encourag ing  because 
o f  t h e  s m a l l  s i z e  o f  t h e  p i l o t  reactor ,  which i n h e r e n t l y  h a s  r e l a t i v e l y  
l a r g e  h e a t  losses. A l s o  e n c o u r a g i n g  was t h e  f a c t  t h a t  burden movement 
was e x c e l l e n t  i n  s p i t e  o f  t h e  l o w  coke  r a t i o ,  and t h e r e  w e r e  no i n d i -  
c a t i o n s  t h a t  an even  lower coke r a t i o  would n o t  work w e l l .  

Many s e r i o u s  p rob lems  w e r e  e n c o u n t e r e d  d u r i n g  t h e  o p e r a t i o n  of  t h e  
p i l o t  p l a n t ,  p r i m a r i l y  w i t h  t h e  c o n s t r u c t i o n  and performance o f  t h e  
r e f r a c t o r i e s  a round  t h e  b u r n e r s .  The re  were many f a i l u r e s  : however , 
i t  i s  b e l i e v e d  t h a t  t h e s e  f a i l u r e s  c a n  be  a t t r i b u t e d  t o  t h e  s m a l l  s i ze  
o f  t h e  p l a n t .  Because t h e  p l a n t  h a s  a r e l a t i v e l y  h i g h  r a t i o  of s u r f a c e  
area t o  vo lume ,hea t  losses w e r e  h i g h  and t h e  b u r n e r s  must  be o p e r a t e d  
a t  h i g h e r  t e m p e r a t u r e  ( h i g h e r  e x c e s s  oxygen) t o  compensate.  I n  a 
l a r g e r  p l a n t  t h e  o p e r a t i n g  c o n d i t i o n s  would n o t  be as s e v e r e .  I n  any 
e v e n t ,  t h e  r e s u l t s  i n d i c a t e ,  a t  l e a s t  from t h e  s t a n d p o i n t  o f  burden 
movement and p e r m e a b i l i t y ,  t h a t  v e r y  h i g h  " f u e l - i n j e c t i o n "  l e v e l s  - 
a p p r o a c h i n g  "cokeless" o p e r a t i o n  - c a n  be ach ieved  i n  s h a f t  p r o c e s s e s  
f o r  s m e l t i n g  i r o n  o r e .  

I' 
/ I  
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Table VI1 

Summary of Operating Conditions and Results 
For Smelting of Self-Fluxing Sinter 

Raw Material Analyses, Weight Percent 

No. 6 Fuel Oil Coke Sinter 

88.26 FeT C 
H 1.82 0 
N 0.96 Si02 
S 
0 2.55 CaO 

Moisture 8.53 Ti02 

0.75 A1203 

Ash 5.66 MgO 

C 
S 

Mm 
P 
FeO 
Fe203 

60.52 
24.50 
5.72 
1.02 
6.93 
0.89 
0.15 
0.15 
0.009 
0.093 
0.054 
11.91 
73.29 

2 Combustion Oxygen 99.5 percent 0 

InDut Data 

C 87.36 
H 10.92 
0 0.87 
Ash 0.012 
S 0.55 

No. 6 Fuel Oil, lb/hr 119.1 
Coke, lb/hr 37.8 
Sinter, lb/hr 340.0 
Atomizing Air, moles/hr 1.73 (11.16 scfm) 
Primary Oxygen, moles/hr 4.78 (30.82 scfm) 

output Data 

Average Off-Gas Analysis (approximate volume %,  based on 3 
samples), Dry Basis 

co 49.0 
12.7 
28.25 H2 

CO2 

N2 9.9 

Material Balance - Based on N2 
Dry Volume 14.0 moles/hr 

Total soot plus dissolved carbon 2.6 moles/hr 
2.96 moles/hr H20 
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T a b l e  V I 1  

( c o n t i n u e d )  

Summary of Opera t ing  C o n d i t i o n s  and  R e s u l t s  
For  S m e l t i n g  of S e l f - F l u x i n g  S i n t e r  

Independen t  Oxygen Balance  

I n p u t  = o u t p u t  
7 . 8 3  moles /hr  = 6 . 6 9  moles /hr  

D.  Gene ra l  Data*  

S o l i d  Carbon Consumption, l b /h r  30.5 
S o l i d  Carbon R a t i o ,  lb/THM ~ 2 9 8  
T o t a l  Carbon Consumption, l b / h r  134.5 
T o t a l  Carbon R a t i o ,  lb/THM -1312 
Metal  Rate ,  l b / h r  -205 

*Metal r a t e  based  on i n p u t  

I 

I 
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“THE REACTION OF COKE WITH CARBON D I O X I D E ”  

H. C. Hot te l ,  G .  C. W i l l i a m s  and P.C. Wu 

Chemical Engineering Department 
Massachuse t t s  I n s t i t u t e  of  Technology 

Cambridge, Massachuset ts  02139 

E a r l i e r  s t u d i e s  of  t h e  k i n e t i c s  of  t h e  CO2-C r e a c t i o n  have gener- 
a l l y  been d e f i c i e n t  for one o r  both of t w o  reasons :  e i t h e r  t h e  d a t a  
were based on i m p r e c i s e  methods o f  determining t h e  e x t e n t  of r e a c t i o n  
(e .g . ,  product  g a s  a n a l y s i s ,  r e a c t a n t  weight d e c r e a s e ,  p r e s s u r e  v a r i a -  
t i o n )  or t h e  d a t a  did n o t  y i e l d  informat ion  concerning local- or 
p o i n t - r e a c t i o n  rates,  which are t h e  kind of d a t a  r e q u i r e d  f o r  fonnu- 
l a t i n g  k i n e t i c  mechanisms. Most commonly t h e  d a t a  were on r e a c t i o n  i n  
a t u b e  of f i n i t e  l e n g t h ,  packed w i t h  carbon. 

The p r e s e n t  s t u d i e s  were of mono-layers o f ’ c a r b o n  p a r t i c l e s  rest- 
i n g  on a screen  up through which t h e  r e a c t a n t  g a s  mixtures  were passed, 
t h e  system being ma in ta ined  i so thermal .  D e t a i l s  o f  t h e  appara tus  and 
exper imenta l  t e c h n i q u e s  a r e  given by Wu (L) .  The r e a c t a n t  g a s e s  were 
COz ,  C02-N2 m i x t u r e s ,  and CO2-CO mixtures .  Before each run  t h e  system 
w a s  evacuated,  f o l l o w i n g  which r e a c t a n t  g a s  was passed through f o r  1 0  
to  15  minutes .  Because of t h e  h igh  r e a c t i v i t i e s  o f  H 2 0  and 0 2  
r e i a t i v e  t o  C62 t h e  gas mixture  was dr ied by passage through a bed of 
Drierite and  t h e n  s t r i p p e d  of  t r a c e  oxygen by c o n t a c t  wi th  reduced 
copper  t u r n i n g s  a t  415OC. A f t e r  t h e  f u r n a c e  had reached t h e  d e s i r e d  
tempera ture  l e v e l  t h e  s c r e e n  with t h e  carbon p a r t i c l e s  was introduced 
by a magnet ica l ly  o p e r a t e d  s l i d e  mechanism t h e  smooth o p e r a t i o n  of 
which prevented d i s t u r b a n c e  of  t h e  carbon bed. A f t e r  a s p e c i f i e d  time 
t h e  carbon bed w a s  q u i c k l y  removed, cooled and weighed. The decrease  
i n  weight of t h e  ca rbon  and t h e  t i m e  of r e a c t i o n  w e r e  used t o  determine 
t h e  s p e c i f i c  r e a c t i o n  rate f o r  each run.  

The s o l i d  r e a c t a n t  used was from t h e  same l o t  used by G i l l i l a n d  
e t  a1 (2) and by Graham (3)  i n  f l u i d i z e d  beds. The e f f e c t  of p a r t i c l e  
s i z e  from 80-100 mesh t o  10 mm d iameter  was determined i n  t h e  present  
s t u d i e s .  The coke c o n t a i n e d  9.5 weight per  c e n t  a s h  and a s m a l l  
percentage  o f  V.C.M. React ion r a t e s ,  R ,  mg c/g.c. min., are expressed 
on an a s h - f r e e  basis and c o r r e c t e d  f o r  loss of V.C.M. as a func t ion  of 
r e a c t i o n  time, t e m p e r a t u r e  and p a r t i c l e  s i z e  on t h e  b a s i s  of experiments 
made i n  pure N . The maximum weight loss c o r r e c t i o n  f o r  V.C.M. amounted 
to  1.5% of t h e  i n i t i a l  weight  of t h e  p a r t i c l e s .  

The v a r i o u s  r e a c t i o n  rate terms used a r e  d e f i n e d  as fol lows:  

(1) The i n s t a n t a n e o u s  s p e c i f i c  r e a c t i o n  r a t e  R i  i s  def ined  as 
t h e  r a t e  of d e c r e a s e  i n  weight of carbon based on u n i t  weight W of 
carbon a t  t h e  f r a c t i o n a l  res idua l  carbon Wo-W/Wo = F: 

- dW _ -  d I n  W = -  d I n  (1-F) 
W d8 d8 d 8  

Ri =- - 
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( 2 )  The i n i t i a l  s p e c i f i c  r e a c t i o n  rate is d e f i n e d  as t h e  rate 

of decrease  i n  weight  of carbon based on u n i t  weight  of  carbon a t  F=O: 

(3 )  The average s p e c i f i c  r e a c t i o n  rate Ra is d e f i n e d  a s  t h e  
time mean of t h e  i n s t a n t a n e o u s  s p e c i f i c  r e a c t i o x  rate R i  from F=O. 
t o  F=F; 

The experimental  r e s u l t s ,  a l l  obta ined  a t  a t o t a l  p r e s s u r e  of 

1. Experiments us ing  New England coke p a r t i c l e s  of 50-60 mesh. 

780 mmHg, can be c l a s s i f i e d  i n t o  t h e  fo l lowing  t w o  groups:  

I 

The g a s  f l o w  r a t e ,  except  i n  t h e  v e l o c i t y  r u n s ,  w a s  maintained 

(a) Ng blank runs:  Typical  r e s u l t s  are listed i n  Table  1, 
a s  f r a c t i o n a l  decrease i n  weight  of 

t h e  sample, , c a l c u l a t e d  from t h e  data on an  ash- f ree  
b a s i s  a t  FN2 d i f f e r e n t  temperatures .  

c o n s t a n t .  

\ 
, 

(b)  c 0 2 - N ~  runs:  F ive  temperatures  (1500, 1600, 1700, 1800 
and 1900OF) were i n v e s t i g a t e d .  The time 

of r e a c t i o n  was a d j u s t e d  f o r  each run t o  g i v e  approximately 
10% r e a c t i o n .  I n  F igure  1 t h e  v a l u e s  of t h e  average  
s p e c i f i c  reaction rate R are p l o t t e d  v s  t h e  p a r t i a l  p r e s s u r e  
of CO2 on semi- logari thmfe c o o r d i n a t e s .  
curves t h e  upper one shows Ra 
basis, and t h e  lower one showx tha t  c a l c u l a t e d  on an ash- f ree  
basis, after being corrected f o r  V.C.M. based on t h e  N 2  
blank runs.  

For each  p a i r  of 
c a l c u l a t e d  on an  ash- f ree  

I 

(c) C02-CO runs:  These d a t a  are shown i n  F igure  2 .  

(d) Veloc i ty  runs :  The temperatures  i n v e s t i g a t e d  were t h e  
same as i n  t h e  Cop-Np  runs.  S i n c e  t h e  

g a s  f lows were i n  t h e  laminar  r e g i o n  a l i n e a r  p l o t  o f  R versus  
t h e  r e c i p r o c a l  of  t h e  g a s  flow rate gave s t r a i g h t  l i n e s  which 
could be e x t r a p o l a t e d  on a s t r a i g h t  l i n e  through t h e  d a t a  
p o i n t s  t o  t h e  o r i g i n ,  corresponding t o  t h e  r e a c t i o n  rate i n  
pure  COP , uncontaminated by t h e  CO produced. 

TABLE 1 

Evolut ion of  VCM as a f u n c t i o n  of  t ime and temp. i n  N p  50-60 mesh p a r t i c l e s .  

TEMP. OF 1500 1600 1700 ~ 1800 1900 
FN x l o 3  8.8 7.9 10.3 8.1 15 11.6 19 14.5 11 , 9  6.7 

6, min 610 463 240 100 ,120 60 90 60 30 15 10 
2 
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2 .  Experiments us ing  New England coke p a r t i c l e s  of d i f f e r e n t  
s i z e s ,  r e a c t i n g  wi th  pure  carbon dioxide a t  1800° F. 

( a )  N2 blank runs:  The f r a c t i o n a l  g a s i f i c a t i o n  i n  N2 f o r  

time was about  60 p e r  c e n t  of  t h a t  for  t h e  50-60 mesh d a t a  
shown i n  Table  1 and t h a t  for t h e  80-100 mesh p a r t i c l e s  was 
about  50 per c e n t  g r e a t e r ,  The e f f e c t  o f  f u r t h e r  increase 
i n  p a r t i c l e  s i z e  up t o  n e a r l y  10 mm d iameter  was a very  
small, less t h a n  10 p e r  c e n t  decrease  i n  g a s i f i c a t i o n  below 
t h a t  f o r  t h e  8-10 mesh p a r t i c l e s .  

t h e  8-12 mesh p a r t i c l e s  a t  any g iven  

(b)  Time runs: React ion runs  were made wi th  samples of  
p a r t i c l e  s i z e s  between 8-100 mesh. S ix  

d i f f e r e n t  p a r t i c l e  s i z e s  were used,  namely, 8-12, 16-20, 
30-40, 50-60, 70-80, and 80-100 mesh. Each sample weighed 
about  0.1 gram. The v a l u e s  of Rav c a l c u l a t e d  
corrected d a t a  are plotted vs e i n  F i s u r e  3 
l i n e s  of c o n s t a n t  F: 

DISCUSSION OF RESULTS E f f e c t  of P a r t i c l e  S i z e  

From s l o p e s  of t h e  curves  of  R v s  i n  F igure  3 
w e r e  c a l c u l a t e d  and e x t r a p o l a t i o n  ofVthese  t o  F=O gave 
of % and t h e  maxima of R i  are shown as a f u n c t i o n  of 
p a r t i c l e  diameter i n  F igure  4 .  

From F i s u r e  3 it is clear t h a t  t h e  r e a c t i o n  r a t e  

from t h e  
t o g e t h e r  wi th  

v a l u e s  of R i  
%. Values 
n i t i a l  

s i n f l u e n c e d  
n o t  on ly  by i h e  f r a c t i o n a l  decrease i n  weight  of carbon,  F, b u t  a l s o  
by t h e  diameter  of  t h e  coke p a r t i c l e ,  D. 

maximum, and t h e n  d e c l i n e d  wi th  f u r t h e r  r e a c t i o n .  There w a s  a 
pronounced t r e n d  f o r  t h e  maximum t o  occur  a t  l a r g e r  F v a l u e s  when 
smaller p a r t i c l e s  were used. 

p a r t i c l e  s i z e  can be 8f&lained as being due t o  t h e  presence  i n  t h e  
coke of a s h ,  which amounts to  9.5%. I n  t h e  case of t h e  large p a r t i c l e s ,  
on ly  a r e l a t i v e l y  small  f r a c t i o n  of  t h e  weight of  t h e  p a r t i c l e  h a s  to 
be reacted to  form a s u b s t a n t i a l  l a y e r  of a s h  on t h e  s u r f a c e .  The 
a s h  coa t ing  t h e n  makes t h e  carbon less a c c e s s i b l e  t o  t h e  r e a c t i n g  
g a s ,  and t h e  r e a c t i o n  rate f a l l s  o f f .  However, i n  t h e  c a s e  of  t h e  
small  p a r t i c l e s ,  a l a r g e  f r a c t i o n  of t h e  weight of t h e  p a r t i c l e  must 
be burned away to  produce t h e  s u b s t a n t i a l  a s h  l a y e r  t h a t  r e t a r d s  
f u r t h e r  r e a c t i o n .  

For a l l  s i z e s  i n v e s t i g a t e d ,  R i  i n i t i a l l y  i n c r e a s e d ,  reached a 

The s h i f t  of R i (  t o  l a r g e r  v a l u e s  of F w i t h  decrease i n  

The e f f e c t  of  i n i t i a l  p a r t i c l e  s i z e  on t h e  s p e c i f i c  r e a c t i o n  
r a t e  a s  shown i n  F igure  3 may be explained a s  fo l lows:  (1) I n  
t h e  l a r g e r  s i z e  range,  2-10 mm, t h e  r e a c t i o n  occurs  i n  a t h i n  
porous coke l a y e r  dependent i n  t h i c k n e s s  on t h e  ra t io  of  t h e  r a t e  
of d i f f u s i o n  of Cop i n t o  t h e  p a r t i c l e  t o  t h e  rate of r e a c t i o n  on t h e  
s u r f a c e s  of t h e  pores  b u t  independent of p a r t i c l e  d i a m e t e r s ,  t h u s  
t h e  r a t e  is p r o p o r t i o n a l  t o  t h e  s u p e r f i c i a l  s u r f a c e  area of  t h e  
p a r t i c l e s  - a s l o p e  of minus u n i t y  i n  F igure  3. 
s i z e  i s  f u r t h e r  reduced, 1 .5  t o  0 . 5  mm, t h e  t h i c k n e s s  of t h e  

( 2 )  As t h e  p a r t i c l e .  

I 
, .  

, .  
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diffusion-reaction zone becomes comparable with the particle radius 
and all of the particle volume becomes active, specific reaction 
rate becomes nearly independent of particle size. (3) With further 
decrease in particle size it is possible that the average depth of 
the pores in which reaction occurs is also reduced thus accounting 
for the increase in specific reaction rate as the particle size is 
reduced from 0.5 to 0.17 nun. It should also be noted that the 
initial apparent density of the coke particles (1.0 g/cc for massive 
particles) increased from 2.0 g/cc to 2.8 g/cc as the particle size 
was reduced in this size range, probably due to a loss of ash in 
the grinding and sieving process. This could also be advanced as an 
explanation for the increase in specific reaction rate as size 
decreases in this size range. 

Effect of Fractional Reaction 

In other experiments (1) with ash-free electrode carbon gasified 
in C02 it was found that, presumably because of an increase in 
surface area with progress of reaction, the instantaneous specific 
reaction rate was a linear function of the weight fraction gasified: 

Ri = Ro(l + E F) , where m/Ro was 14 for 50-60 mesh particles. 
0 

In the present experiments the effect of the ash as shown in 
Figure 3 is apparently to accumulate to such an extent that the 
increase in surface area due to reaction is finally offset by the 
accumulation of ash. 

The present data on coke can be correlated by the empirical 
express ion 

in which the exponential represents the retarding effect of the ash 
and m is a function of initial particle diameter 

, D i n m m  
lO(2 + log10D) 

RO 

m =  

It is interesting to note that m for 50-60 mesh from this equation 
for coke is 13 vs the 14 reported for electrode carbon. The 
studies of Goring (41, Oshima and Fukuda (2) and of Duffy and 
Leinroth(l7) - show similar results on high-ash cokes. 

Kinetics 

1. Langmuir-Hinshelwood derivation 

Hinshelwood et al(16) presented the following derivation 
as representative of the simiiest application of the early ideas of 
Langmuir (6) - on the effect of surface adsorption on heterogeneous 
reactions. Note that Langmuir himself did not present the following 
derivation, and in fact stated in 1915 ( I )  that he did not believe 



carbon d i o x i d e  w a s  adsorbed  i n  t h e  r e a c t i o n  of carbon wi th  carbon d i -  
oxide. He  gave  i n s t e a d  t h e  f i r s t  s t e p  of t h e  mechanism of Semechkova 
and Frank-Kamenetzky. 

Hinshelwood et  a 1  made t h e  assumption t h a t  bo th  t h e  r e a c t a n t ,  C o 2 ,  
and t h e  r e t a r d i n g  p r o d u c t ,  CO, a r e  adsorbed as  such  on t h e  carbon 
s u r f a c e ,  and t h a t  t h e  r a t e  of  r e a c t i o n  is  p r o p o r t i o n a l  t o  t h e   fraction,^ 
of  t h e  s u r f a c e  covered by t h e  r e a c t a n t .  The mechanism can  then  be 
expres sed  by t h e  fo l lowing  equa t ions :  

k i  

i n  which e q u a t i o n s ,  ( . . . I  r e p r e s e n t s  g a s  i n  t h e  adsorbed s t a t e .  

The s u r f a c e  c o n s i s t s  of  e q u i v a l e n t  and independent r e a c t i o n  s i t e s ,  
each  of which can be  occupied  by one CO2 or one  CO molecule.  When a 
s t e a d y  s t a t e  on t h e  s u r f a c e  is  a t t a i n e d ,  t h e  r a t e  of r e a c t i o n  per  u n i t  
s u r f a c e  i s  then  g iven  by: 

k3 kl  
1 +  5 pco + k2/k5 pco, 

2. Der iva t ion  of Semechkova and Frank-Kamenetzky ( S )  
The assumpt ions  made are t h a t  carbon d i o x i d e  is n o t  adsorbed ' 

as such,  bu t  reacts  w i t h  t h e  carbon t o  g i v e  an atom of  oxygen which 
remains on t h e  s u r f a c e ,  and a molecule of  carbon monoxide which passes  
i n t o  t h e  gas  phase.  The adsorbed oxygen atom, t a k i n g  up a n  atom of 
carbon from t h e  s u r f a c e  forms gaseous  carbon monoxide a t  a s t eady  rate. 
Carbon monoxide p r e s e n t  i n  t h e  g a s  phase  i s  always i n  equ i l ib r ium wi th  
carbon monoxide i n  t h e  adsorbed s ta te  o n  t h e  s u r f a c e  ( t h i s  is  t h e  Sole 
p a r t  of  t h e  r e a c t i o n  scheme which is i d e n t i c a l  w i t h  t h e  p rev ious  der i -  ' 
v a t i o n ) .  There is a d i s t i n c t i o n  between t h e  adsorbed oxygen and t h e  
adsorbed carbon monoxide. The fo l lowing  e q u a t i o n s  expres s  t h e  
mechanism: 

( 8 )  
kb c + CO, c_c co + co* 

(10) 
I 



i n  which COf r e p r e s e n t s  a n  0 atom adsorbed on carbon, and (CO) r e p r e s e n t s  
CO i n  t h e  adsorbed state. 

t o  be: 
When a s t eady  s ta te  on t h e  s u r f a c e  is a t t a i n e d .  t h e  rate is found 

It i s  Seen t h a t  also t h i s  expres s ion  is of t h e  same form as equa t ion  

3. Modified Semechkova and Frank-Kamenetzky Der iva t ion  (1) 

7 

I n  t h i s  d e r i v a t i o n  t h e  assumption is a l s o  made t h a t  carbon 
d i o x i d e  is n o t  adsorbed as such,  b u t  r e a c t s  w i t h  t h e  carbon t o  form 
a gaseous  carbon monoxide molecule ,  and an adsorbed oxygen atom, 
which is nex t  transformed a t  a s t eady  rate,  no t  t o  gaseous  CO, b u t  t o  
(CO) ,  t h e  adsorbed CO, t h e  c o n c e n t r a t i o n  of  which on t h e  s u r f a c e  i s  i n  
equ i l ib r ium w i t h  the  CO i n  t h e  g a s  phase. 

The fo l lowing  equa t ions  r e p r e s e n t  t h i s  mechanism: 

k6 c + cor- co + COf (12) 

k3 - (CO) co 
-kl, 

A t  s t eady  s u r f a c e  s ta te  the fo l lowing  r e l a t i o n s  hold :  

I 

Rate = kes3 = 

(14 )  

which equa t ion  is seen  t o  be of t h e  same form as (7 )  and (11) and o f ,  
the  g e n e r a l  type  

(16) 
R l  Pco2 
1 + KzPco + K3P 

R =  

The a p p l i c a b i l i t y  of t h e  Langmuir type equa t ion  can  be t e s t e d ,  
and t h e  c o n s t a n t s  involved eva lua ted  by a p p l i c a t i o n  t o  t h e  d a t a  
ob ta ined  i n  both  CQ-Nz and C q - C O  r u n s  shown i n  Figs .  1 and 2 .  I t  
i s  e v i d e n t  t h a t  where the  s u r f a c e  is comple te ly  c h a r a c t e r i z e d  by F, 
as shown be fo re ,  the ins t an taneous  specific r e a c t i o n  rate a t  any F 
could  be used f o r  t h i s  eva lua t ion .  However, R w a s  chosen as a 
r e f e r e n c e  va lue  f o r  t e s t i n g  t h e  v a l i d i t y  of  thg proposed Langmuir equa- 
t i o n .  

c o 2  

The procedure used w a s  a s  fo l lows:  
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I n  t h e  case  of t h e  c 0 2 - N ~  r u n s ,  t h e  term K2 P i s  0 ,  i f  t h e  effect o f  
t h e  CO genera ted  d u r i n g  t h e  r e a c t i o n  can  be nsglected. 
can  hence be reduced and r ea r r anged  to: 

The equat ion  

(17) co2 K 3  1 
P 
- -  - - p  + -  

K 1  ‘02 K1 
RO 

1 
If the  proposed equa t ion  f i t s  t h e  d a t a ,  t h e n  for a s p e c i f i c  

r e a c t i o n  tempera ture  when PCo2/Ro is  p l o t t e d  vs  P, on l i n e a r  
coord ina te s  a s t r a i g h t  l i n e  
l / K 1  should r e s u l t ,  from which v a l u e s  of K 1  and K 3  c a n  be eva lua ted .  
The d a t a  f o r  1900°F are shown i n  F igu re  5;  t h e  i n t e r c e p t  g i v e s  
K1 = 28.6 and t h e  s l o p e  g i v e s  K 2  = 0.56. 

When t h e  e q u a t i o n  is a p p l i e d  t o  t h e  CO2 - CO r u n s ,  rearrangement , 
of  t h e  equa t ion  t o  a more convenient  form is  p o s s i b l e  by s u b s t i t u t i n g  
P + Pco = n ,  where n i s  t h e  t o t a l  p r e s s u r e  on t h e  r e a c t i o n  system. 

w i t h  s l o p e  K 3 / K l L o 2  and i n t e r c e p t  
i 

CO2 The r e a r r a n g e d  equa t ion  t h e n  becomes i 

Cop K g  - K 3  1 + K 3 n  P 
-I 

K 1  
pco + 

RO K 1  
(18) 

I 

is plot ted v s  P-- 4 
LU 

For  a s p e c i f i c  r e a c t i o n  tempera ture  when PCOi/Ro 
on L i i i e i i i  c o o r d i n a t e s ,  a s t r a i g h t  l i n e  wi th  s l o p e  
K 2 - K 3 / K 1  and i n t e r c e p t  1+K3n/K1 should be obta ined .  With t h e  a i d  of 
t h e  v a l u e s  for K 1  and K 3  c a l c u l a t e d  from t h e  r e s u l t s  of t h e  c 0 2 - N ~  
r u n s  a t  t h e  same tempera tu re ,  K 2  c an  then  be  eva lua ted  from t h e  s lope  , 
of t h i s  l i n e .  F i g u r e  6 shows t h e  1900°F d a t a ,  t h e  s l o p e  is 0.6 from 
which K 2  = 18. 

ove r  t h e  range of var iab les  i n v e s t i g a t e d ,  R for 50-60 mesh p a r t i c l e s  
cou ld  be  r ep resen ted  by a Langmuir t y p e  e q u s t i o n  of  t h e  fo l lowing  form: 

The d a t a  for  t h e  o t h e r  t empera tu res  were s i m i l a r l y  t r e a t e d  and 

- 
+ K 2 P ~ ~  + K 3 P ~ 0 2  

Ro - 

The v a l u e s  o f  K l ,  K2 and K 3  are l i s t e d  i n  Table  2 and shown on 
l o g a r i t h m i c - r e c i p r o c a l  t empera tu re  c o o r d i n a t e s  i n  Fig.  6 .  

TABLE 2 

Langmuir Equation Cons tan t s  

(50-60 mesh) 

Reaction Temperature, OF 
Cons tan t s  
K~ 
K ?  (am-’) 

(mg .C/gm. c .min. atm) 
1500 1600 1700 1800 1900 
0.230.93.18101228.5 
423 178 78 I36 1 8 .  
0.5 0.45 0.39 0.35 0.56 K; ( a m ” )  
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Figure 5. Test of Isotherm 
1900 F., 50-60 Mesh 

P ATM. co I 
Figure 6. Test of hngmuir Isotherm 

1900 F., 50-60 Mesh 



From t h e  s t r a i g h t  l i n e  shown on Fig.  6 t h e  va lues  o f  K and E w e r e  
c a l c u l a t e d  f o r  each  c o n s t a n t  and are l isted i n  Tab le  3' : 

TABLE 3 

Values  of E and K _  i n  K = K-e -E/RT 

(50-60 mesh) 

E1 111,000 (B tu / lb  mole) K10 5.2 x 10" (mg C/gm C min atm) 

E2- 1 2 , 5 0 0  K20 3.6 x (am-') I1 

E3- 11,000 n K30 3 x ( a m - ' )  

I t  i s  t o  be no ted  t h a t ,  i f  t h e  equa t ion  d e s c r i b e s  a r a t e  a f f e c t e d  
by s u r f a c e  a d s o r p t i o n  of CO and C02, i . e . ,  i f  t h e  Langmuir-Hinshelwood 
d e r i v a t i o n  is  s u b s t a n t i a l l y  c o r r e c t ,  t hen  t h e  s i g n s  of t h e  t h r e e  E's 
a r e  a s  expected.  E2 and E3 are a s s o c i a t e d  with adso rp t ion  phenomena 
which should become less impor tan t  a s  t h e  tempera ture  r i ses ,  whereas 
El (= E + E31 i s  the pr imary measure of e f f e c t  of temperature  on 
r eac t io i i  rate. 

4 .  The Temkin adso rp t ion  i so therm 

A major  t h e o r e t i c a l  d e f i c i e n c y  of t h e  Langmuir adso rp t ion  --" ic-+h-- -..--... i= the  L z ~ p l i z i t  ass-Liptioii of uiiifoiin heat sf chemisorption 
and hence of  s u r f a c e  a c t i v i t y .  For most r e a l  s u r f a c e s  t h e  h e a t  of 
adso rp t ion  changes w i t h  t h e  deg ree  o f  occupat ion  of t h e  su r face  ( 9 1 ,  
(E) ,  (11) and (12). A l i n e a r  decrease i n  hea t  of adso rp t ion  w i t K  
f r a c t i o n a l  s u r f a c e  coverage  l e a d s  t o  an isotherm f o r  which t h e  f r a c t i o n a  
s u r f a c e  coverage i s  p r o p o r t i o n a l  t o  t h e  logar i thm of t h e  p re s su re  of 
t h e  adsorb ing  gas .  Th i s  isotherm has  been named a f t e r  Temkin (13) 
a l though t h e  concep t  appea r s  i n  t h e  works o f  e a r l i e r  Russians (141, (15) 

I f  t h e  h e a t  of a d s o r p t i o n ,  q ,  f a l l s  l i n e a r l y  wi th  t h e  f r a c t i o n  
of s u r f a c e  occupa t ion ,  S ,  

q qo (1 - 6s) 
t h e  i so therm i s  g i v e n  by 

where,  6 = a c o n s t a n t  

qo = a c o n s t a n t  

a. = c o n s t a n t  

I f  it i s  assumed t h a t  chemisorp t ion  of C02 i s  f a s t  compared wi th  
subsequent  s u r f a c e  r e a c t i o n s  and t h a t  t h e  r a t e  o f  s u r f a c e l r e a c t i o n  1s 
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f r a c t i o n  of t h e  s u r f a c e  copered then 



. 
b 

I 



Ro = a ( T )  + b(T) In  Pcoz ( 2 1 )  

Thus a p l o t  of  reac t ion  ra te  versus  logarithm of  t h e  p r e s s u r e  
should  be l i n e a r .  F ig .  7 shows t h e  d a t a  f o r  50-60 mesh p a r t i c l e s  i n  
pure  COz a t  1900OF. The d a t a  f o r  o t h e r  temperatures a r e  correlated 
e q u a l l y  w e l l .  

From Eqs. 1 9 ,  20 and 2 1  

( 2 2 )  5 = 1 n a o + -  90 
b RT 

Thus a p l o t  of a/b versus  1 / T  should g i v e  a s t r a i g h t  l i n e  w i t h  s lope  
q /R.  The p resen t  d a t a  g i v e  a value of  h e a t  of  a d s o r p t i o n  of C o p  of 
2800 B t u / l b  mole and an  i n t e r c e p t  I n  a. = 1 . 4  a t  1/T = 0. 

shou ld  be exponent ia l  i n  1/T. T h i s  w a s  found t o  be  s o , g i v i n g  a 
v a l u e  b/T = 81xe-45,600/RT. 

S i n c e  qo probably  does n o t  va ry  g r e a t l y  wi th  tempera ture  b/T 

-7 -  -I*---I I--- I---- --a- e- ~ - - - t  thrr  cn--nn mivt.rra a=.+=. ..-iqrr 
L"" c&LLc't,pL A l a J  YSS., I , L c & U S  C" CLGUL b.15 -"L b" ..,*.aLU*C uucu ..-.&*Y 

t h e  l o g a r i t h m i c  a d s o r p t i o n  isotherm. 
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. I  

Reduct ion  of I n c e n d i v i t y  o f  Hot Gases t o  Methane and Coal Dust 

J. M. S i n g e r , l l  N. E.  Hanna,?l R. W. Van Dolah,?’ and J. Grumer i l  

Bureau o f  Mines, P i t t s b u r g h ,  Pennsylvania  

ABSTR4CT 

Hat gases  produced by  e x p l o s i v e s  a r e  known t o  c o n s t i t u t e  a p o s s i b l e  i g n i t i o n  
hazard  i n  c o a l  mines .  Exper iments  i n  t h e  l a r g e  tes t  g a l l e r y  of t h e  Bureau of Mines 
have  e s t a b l i s h e d  t h a t  sodium c h l o r i d e  r educes  t h e  i n c e n d i v i t y  o f  e x p l o s i v e s .  I n  
t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  e f f e c t  of sodium n i t r a t e  w a s  exp lo red .  T h i s  s tudy  
w a s  conducted i n  two p h a s e s .  G a l l e r y  expe r imen t s  showed t h a t  sodium n i t r a t e  
reduced t h e  i n c e n d i v i t y  o f  c e r t a i n  e x p l o s i v e s  t o  8 p e r c e n t  n a t u r a l  g a s  i n  a i r ,  bu t  
i n c r e a s e d  t h e i r  i n c e n d i v i t y  t o  c o a l  d u s t  p r e d i s p e r s e d  i n  a i r .  Labora to ry  exper iments  
u s i n g  h o t  j e t s  from e x p l o s i o n s  o f  s t o i c h i o m e t r i c  m i x t u r e s  o f  methane-oxygen-nitrogen 
showed t h a t  bo th  sodium c h l o r i d e  and sodium n i t r a t e  reduced t h e  i n c e n d i v i t y  t o  
methane, t o  m i x t u r e s  o f  c o a l  d u s t  and methane, and t o  c o a l  d u s t .  The d i f f e r e n c e  
between t h e  g a l l e r y  and l a b o r a t o r y  r e s u l t s  w i t h  r e s p e c t  t o  c o a l  d u s t  i s  a t t r i b u t e d  
to  t empera tu re - t ime  e f f e c t s .  I n  t h e  g a l l e r y  expe r imen t s ,  t h e  sodium n i t r a t e  
p robab ly  forms sodium o x i d e  which a f f e c t s  t h e  i n c e n d i v i t y  o f  t h e  hot  g a s e s .  I n  
t h e  hot  j e t  c a s e ,  i t  i s  p o s s i b l e  t h a t  t h e  n i t r a t e  i s  n o t  a s  comple te ly  decomposed 
and has  a d i f f e r e n t  e f f e c t  on i n c e n d i v i t y .  

INTRODUCTION 

The hot  g a s e s  produced by e x p l o s i v e s  c o n s t i t u t e  a p o s s i b l e  i g n i t i o n  hazard i n  
c o a l  i i i i i i r s .  

sodium n i t r a t e  and sodium c h l o r i d e .  Large s c a l e  g a l l e r y  exper iments  w ‘ t h  sodium 
c h l o r i d e  had conf i rmed t h a t  i t  reduces  t h e  i n c e n d i v i t y  o f  exp los ives ,Af  b u t  t h e  
e f f e c t  o f  sodium n i t r a t e  had n o t  been s y s t e m a t i c a l l y  e x p l o r e d .  A s  sodium n i t r a t e  i s  
a n  o x i d a n t ,  i t  was c o n c e i v a b l e  t h a t  i t  might  i n c r e a s e  t h e  i n c e n d i v i t y  o f  exp los ives  
to methane o r  c o a l  d u s t  d i s p e r s e d  i n  a i r .  On t h e  o t h e r  hand i t  might have an  
i n h i b i t i n g  a c t i o n  s i m i l a r  t o  t h a t  of sodium c h l o r i d e .  The p r e s e n t  s tudy  sought t o  
de t e rmine  whether sodium n i t r a t e  i n h i b i t s  o r  promotes t h e  i g n i t i o n  of mix tu res  of 
methane, c o a l  d u s t ,  o r  b o t h  w i t h  a i r .  

Coniponen~s o f  e x p i o s i v e s  known t o  a f f e c t  i n c e n d i v i t y  of e x p l o s i v e s  a r e  

’ 

f e e t  
c o a l  

I n  one phase  of t h i s  s t u d y ,  a n  i n v e s t i g a t i o n  was conducted i n  a g a l l e r y  6-1/3 , 
i n  d i a m e t e r ,  w i t h  a 20 f o o t  long s e c t i o n  f i l l e d  w i t h  8 p e r c e n t  n a t u r a l  g a s  o r  ‘ ‘ I  

d u s t  p r e d i s p e r s e d  i n  a i r .  C o n c e n t r a t i o n s  o f  c o a l  d u s t  i n  a i r  were about  300 
m g / l i t e r .  
h i g h e r  t h a n  t h e  l e a n  f l a m m a b i l i t y  l i m i t  o f  t h e  r e s p e c t i v e  f u e l .  Exp los ives  c o n t a i n i n g  
n a t u r a l  and s y n t h e t i c  sodium n i t r a t e  were f i r e d  i n  t h e  g a l l e r y  and t h e i r  i n c e n d i v i t y  

Th i s  and t h e  8 p e r c e n t  n a t u r a l  g a s  c o n c e n t r a t i o n  i n  a i r  a r e  bo th  much 

- 1/ Research chemis t ,  E x p l o s i v e s  Research C e n t e r ,  Bureau of Mines, P i t t s b u r g h ,  Pa.  

- 2/ Research chemis t ,  H e a l t h  and S a f e t y  ResearLh and T e s t i n g  C e n t e r ,  Bureau of Mines, 
Bruce ton ,  Pa .  

- 3/  Research d i r e c t o r ,  E x p l o s i v e s  Research L e n t e r ,  Bureau of Mines, P i t t s b u r g h ,  Pa.  

- 4 /  P r o j e c t  c o o r d i n a t o r ,  Flame Dynamics, Exp los ives  Res’earch C e n t e r ,  Bureau of Mines, 
P i t t s b u r g h ,  Pa.  

- 5/ Hanna, N .  E . ,  G .  H .  Damon, and R .  W. Van Dolah. P r o b a b i l i t y  S t u d i e s  on the  
I n c c n d i v i t y  of P e r m i s s i b l e  Exp los ivcs  E f f e c t  o f  Small  Pe rcen tages  of Sodium 
( ‘ h l o r i d e ,  BuMines Rep t .  of  I n v .  5 4 6 3 ,  1(~5<,1. 2 2  pp .  I 
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was de termined  by t h e  Bureau ' s  s t a n d a r d  up-and-down method.51 Sodium n i t r a t e  
reduced t h e  i n c e n d i v i t y  t o  methane b u t  i n c r e a s e d  t h e  i n c e n d i v i t y  t o  c o a l  d u s t .  
Another  phase of  t h e  s t u d y  sought  t o  model g a l l e r y  c o n d i t i o n s  through small s c a l e  
l a b o r a t o r y  exper iments  i n  which t h e  i g n i t i o n  s o u r c e s  were small p u l s e d  h o t  g a s  je ts  
produced by e x p l o s i o n s  of  s t o i c h i o m e t r i c  m i x t u r e s  o f  methane-oxygen o r  such mixtures  
d i l u t e d  wi th  n i t r o g e n .  These s m a l l  j e t s  were " s a l t e d "  or n o t ,  so tha t  t h e  r e l a t i v e  
promoting o r  i n h i b i t i n g  e f f e c t  could  b e  de te rmined .  
t o  t h e s e  j e t s  when not  s a l t e d  were f u e l - l e a n  m i x t u r e s  o f  methane p l u s  c o a l  d u s t  
( h y b r i d  m i x t u r e s )  o r  c o a l  d u s t .  C o n c e n t r a t i o n s  o f  c o a l  d u s t  and methane i n  t h e  
h y b r i d  a i r  m i x t u r e s  were g e n e r a l l y  below c o n c e n t r a t i o n s  a t  t h e i r  l e a n  f lammabi l i ty  
l i m i t s .  
t h e  index  of  i n c e n d i v i t y .  It w a s  used t o  v a r y  t h e  tempera ture  o f  t h e  h o t  j e t  which 
i n c r e a s e d  a s  t h e  oxygen index  was i n c r e a s e d .  Temperatures  o f  t h e s e  je ts  a r e  noted 
i n  t a b l e  1 a l o n g  w i t h  o t h e r  c h a r a c t e r i s t i c s .  The a b i l i t y  o f  t h e  technique  t o  d e t e c t  
changes  i n  i n c e n d i v i t y  was confirmed by exper iments  w i t h  sodium c h l o r i d e .  
n i t r a t e  was found t o  reduce  t h e  i n c e n d i v i t y  o f  t h e  h o t  g a s e s  w i t h  r e s p e c t  t o  a l l  
t h r e e  of  t h e  f u e l  sys tems.  T h i s  e x p e r i m e n t a l  t e c h n i q u e  should  make i t  p o s s i b l e  t o  
survey  a l a r g e  number o f  i g n i t i o n  i n h i b i t o r s  t o  s e l e c t  t h e  materials which are most 
e f f e c t i v e  i n  r e d u c i n g  t h e  i g n i t i o n  hazard  of h o t  g a s e s  from d e t o n a t i n g  charges  i n  
c o a l  mines.  

The f u e l - a i r  m i x t u r e s  exposed 

The oxygen index  [oxygen/(oxygen + nit rogen)]  o f  t h e  i g n i t i o n  source  was 

Sodium 
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EXPERIMENTAL EQUIPMENT AND PROCEDURE 

G a l l e r v  E x p e r i n e n t s  

Equipment used i n  t h e s e  exper iments  were t h e  same a s  t h o s e  used  t o  e v a l u a t e  
t h e  p e r m i s s i b i l i t y  of  e x p l o s i v e s  a c c o r d i n g  t o  s c h e d u l e  l - H . L /  The f i r s t  experiment  
had a 2 x 3 f a c t o r i a l  d e s i g n  and w a s  conducted by f i r ' n g  from a stemmed cannon i n t o  
8 p e r c e n t  n a t u r a l  g a s - a i r  m i x t u r e s  ( g a l l e r y  test 7 ) . 7 j  I ts  purpose  was t o  compare 
t h e  s i x  e x p l o s i v e  f o r m u l a t i o n s  i n  t a b l e  2 ,  which are  based on t h e  composi t ion  of 
two d i f f e r e n t  p e r m i s s i b l e  e x p l o s i v e s  (A and B).  The samples  based on composi t ion  A 
c o n t a i n e d  about  4 p e r c e n t  sodium n i t r a t e ;  t h o s e  based on composi t ion  B conta ined  
10 p e r c e n t  sodium n i t r a t e .  Both s y n t h e t i c  (99.5% pure)  and n a t u r a l  (98.5% pure)  
sodium n i t r a t e  was u s e d ,  w i t h  t h e  n a t u r a l  i n  two r a n g e s  of p a r t i c l e  s i z e .  The 
a v e r a g e  p a r t i c l e  d i a m e t e r  of  t h e  c o a r s e  n a t u r a l ,  ground n a t u r a l ,  and s y n t h e t i c  
sodium n i t r a t e  was 1,170, 317, and 437 microns ,  r e s p e c t i v e l y .  Each of  t h e  s i x  
e x p l o s i v e s  was c a r r i e d  through t e up-and-down sequence,  v a r y i n g  t h e  weight of  
e x p l o s i v e  t o  o b t a i n  W5o v a l u e s . g 7  Ten p a i r s  o f  i g n i t i o n - n o n i g n i t i o n  r e s u l t s  were 
o b t a i n e d  i n  each up-and-down sequence.  

The second experiment  was a l s o  g i v e n  a 2 x 3 f a c t o r i a l  d e s i g n  t o  compare t h e  
i n c e n d i v i t y  of  t h e  same e x p l o s i v e s  t o  c o a l  d u s t  (300 m g / l i t e r )  p r e d i s p e r s e d  i n  a i r .  
The c o a l  d u s t  was of  P i t t s b u r g h  Seam c o a l ;  i t s  a v e r a g e  p a r t i c l e  d i a m e t e r  was 
80 microns  and t h e  proximate  a n a l y s i s  was 2.0 p e r c e n t  m o i s t u r e , 3 4 . 9  p e r c e n t  v o l a t i l e ,  
55.4 p e r c e n t  f i x e d  carbon,  and 7 . 6  p e r c e n t  a s h .  I n  t h i s  exper iment ,  5 .5  k i l o s  of  

- 6/  Hanna, N .  E . ,  P. A.  R ichardson ,  and R .  W. Van Dolah. An Improved Method f o r  
- 

E v a l u a t i n g  t h e  I n c e n d i v i t y  of Explos ives  t o  Coal  Dus t :  A P r e l i m i n a r y  Repor t .  
R e s t r i c t e d  I n t e r n a t i o n a l  Conference of  D i r e c t o r s  of  S a f e t y  i n  Mines Research,  
S h e f f i e l d ,  England, 1965, Paper  No.  12.  

- 7 /  F e d e r a l  R e g i s t e r ,  March 1, 1961, v .  26,  No. 39. T i t l e  30 - Minera l  Resources ,  

8 /  

Schedule  1 - H ,  p .  1761. I 

W50 i s  weight  of  e x p l o s i v e  producing  50 p e r c e n t  p r o b a b i l i t y  o f  i g n i t i n g  a 
n a t u r a l  e a s - a i r  a tmosohere : Wcn v a l u e s  i n c r e a s e  a s  i n c e n d i v i t v  d e c r e a s e s .  
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c o a l  d u s t  was d i s p e r s e d  i n  t h e  f i r s t  s e c t i o n  of  t h e  g a l l e r y  1 / 2  s e c o n i  b e f o r e  f i r i n g  
a n  e x p l o s i v e  c h a r g e  suspended i n  t h e  c e n t e r  o f  t h i s  s e c t i o n  which was i s o l a t e d  from 
t h e  r e s t  o f  t h e  g a l l e r y  b y  a paper  diaphragm. The c o a l  d u s t  was spread  e v e n l y  over  a 
l e n g t h  of  30-gra in  p e r  foot d e t o n a t i n g  c o r d  l a i d  i n  a 20-foot  long  s t e e l  Vee trough 
made from 6-inch by 6 - i n c h  a n g l e  and mounted 7 i n c h e s  above t h e  g a l l e r y  f l o  . t h e  
d e t o n a t i o n  of t h e  c o r d  d i s p e r s e s  t h e  d u s t .  With t h i s  test  ar ransement ,  W,-$kere 
de te rmined ,  a g a i n  u s i n g  up-and-down technique .  

LABORATORY EXPERIMENTS 
I 

The e f f e c t  o f  sodium n i t r a t e  on  i n c e n d i v i t y  of h o t  g a s  j e t s  was i n v e s t i g a t e d  
u s i n g  m i x t u r e s  i n  a i r  of  methane,  c o a l  d u s t ,  o r  h y b r i d  m i x t u r e s  o f  t h e  two a s  the  
a c c e p t o r  charge .  The c o a l  d u s t  was an u l t r a f i n e  g r i n d  (83 .5  p e r c e n t  less t h a n  
17 microns)  of P i t t s b u r g h  Seam, Mathies  mine c o a l .  The e l e m e n t a l  composi t ion  i n  
p e r c e n t  by weight  was : H2 = 5.3, C = 78.9,  02 = 8.0 ,  N2 = 1 . 6 ,  S = 1.3 ,  and a s h  = 4.9.  
The proximate  a n a l y s i s  i n  p e r c e n t  by weight  w a s :  Mois ture ,  0 .7 ;  v o l a t i l e  matter, 
37.0;  f i x e d  carbon,  57 .5 ;  and a s h ,  4.8. A l l  g a s e s  were o b t a i n e d  i n  c y l i n d e r s  and were 
c h e m i c a l l y  pure  g r a d e  e x c e p t  f o r  a i r .  Sodium c h l o r i d e  and sodium n i t r a t e  of chemica l ly  
pure  g r a d e  were ground t o  minus 20 micron P a r t i c l e  s i z e .  

have been d e s c r i b e d  ea r l i e r .b /  The e x p l o s i o n  v e s s e l  c o n s i s t s  of two chambers, one I 
The h o t  gas  i g n i t i o n  ap  a r a t u s  ( f i g u r e  1) and c o a l  d u s t  d i s p e r s e r  ( f i g u r e  2)  

F i g u r e  1. - Hot Gas I g n i t i o n  Appara tus .  

F i g u r e  2 .  - Coal Dust D i s p e r s e r .  

p a r t i a l l y  w i t h i n  t h e  o t h e r  ( f i g u r e  1 ) .  The s m a l l  chamber A (76  c c )  was capped and 
, communicated w i t h  t h e  l a r g e  chamber B ( 2 . 1  l i t e r s )  through a s t r a i g h t  c h a n n e l ,  0.5 cm 

i n  d i a m e t e r  and 1.0 cm l o n g .  A f t e r  purg ing  and f i l l i n g  chamber A with a s t o i c h i o m e t r i c  
methane-oxygen-ni t rogen m i x t u r e ,  t h e  cap was removed and t h e  c o n t e n t s  were spark-  
i g n i t e d  near  t h e  c h a n n e l  opening .  The e x p l o s i o n  p r o d u c t s  v e n t e d  through t h e  channel  
i n t o  t h e  flammable m i x t u r e  i n  chamber B.  These j e t s  d i f f e r e d  i n  tempera tures  as  shown 
i n  t a b l e  1, both by t h e i r  c a l c u l a t e d  t h e o r e t i c a l  t e m p e r a t u r e s  assuming a d i a b a t i c  
combust ion,  and by measured tempera tures  u s i n g  t h e  sodium D l i n e  r e v e r s a l  t echnique .  Natr 
g a s  used i n  these e x p e r i m e n t s  c o n t a i n e d  about  9 1  p e r c e n t  methane and 6 p e r c e n t  e t h a n e .  
Chamber B was equipped w i t h  t o p  p l a t e s  having  a n  a r r a y  o f  s m a l l  v e n t i n g  h o l e s ,  a 
blowout p r e s s u r e  r e l e a s e  d iaphragm a t  t h e  s i d e w a l l ,  and viewing windows. 
f a c e  of  t h e  diaphragm was i n e r t e d  with n i t r o g e n  t o  e l i m i n a t e  s p u r i o u s  l u m i n o s i t y  due 
to  secondary  combust ion i n  sur rounding  a i r  of t h e  h o t ,  p a r t i a l l y  burned explos ion  
p r o d u c t s .  The premixed c o a l  dus t -methane-a i r  m i x t u r e  t o  be i g n i t e d  flowed through 
chamber B a t  a p p r o x i m a t e l y  140 c c / s e c ,  g i v i n g  a c o n s t a n t  a v e r a g e  l i n e a r  upward speed 
of 2.2 cm/sec.  

The o u t e r  

I n  d e t e r m i n i n g  a n  i g n i t i o n  l i m i t ,  t h e  c o a l  d u s t  c o n c e n t r a t i o n  was h e l d  c o n s t a n t  
and t h e  methane c o n c e n t r a t i o n  was i n c r e a s e d  u n t i l  i g n i t i o n  o c c u r r e d .  The s a l t  being 
i n v e s t i g a t e d  f o r  i t s , i n h i b i t i n g  o r  promoting a c t i o n  w a s  added t o  chamber A p r i o r  to 
s p a r k  i g n i t i o n  by m e c h a n i c a l l y  v i b r a t i n g  t h e  d u s t e r  ( f i g u r e  1, view C)  t h a t  had 
p r e v i o u s l y  been f i l l e d  w i t h  t h e  r e q u i s i t e  amount of  a d d i t i v e .  Amounts placed i n  

- 9 /  WCD i s  t h e  weight  of  e x p l o s i v e  producing 50 p e r c e n t  p r o b a b i l i t y  of  i g n i t i n g  a 
c o a l  d u s t  a tmosphere .  WCD v a l u e s  i n c r e a s e  a s  i n c e n d i v i t y  d e c r e a s e s .  

- l o /  S i n g e r ,  J .  M .  I g n i t i o n  of  Mixtures  of Coal D u s t ,  Methane and A i r  by Hot Laminar 
Ni t rogen  Jets.  Ninth I n t e r n a t i o n a l  Symposium on Combustion, 1969, Academic 
P r e s s ,  I n c . ,  New York,  N .  Y . ,  pp. 407-414.’ 
S i n g e r ,  J. M. I g n i t i o n  o f  Coal  Dust-Methane-Air Mixtures  by Hot Turbulent  Gas. 
BuMines Rept .  o f  I n v .  6369, 1964, 2 4  pp. 
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chamber A a r e  s t a t e d  i n  f i g u r e  3 .  The a c t u a l  amount o f  a d d i t i v e  e n t r a i n e d  by t h e  

F i g u r e  3 .  - E f f e c t s  of sodium s a l t s  on i n c e n d i v i t y  of  h o t  j e t s  t o  methane-coal  d u s t -  
a i r  m i x t u r e s .  

ho t  j e t  i s  n o t  known. 
was t h e  luminos i ty  o b s e r v e d  throughout  B,  and t h e  s imul taneous  luminous flame shoot ing  
o u t  o f  t h e  r u p t u r e d  p r e s s u r e  r e l e a s e  diaphragm. 
p o i n t  showed t h a t  methane- in-a i r  c o n c e n t r a t i o n s  were r e p r o d u c i b l e  t o  0 .15  percentage  
u n i t s ,  oxygen i n d i c e s  t o  w i t h i n  0.02 u n i t s  and c o a l  d u s t  c o n c e n t r a t i o n s  t o  w i t h i n  20 
p e r c e n t .  Coal d u s t  c o n c e n t r a t i o n s  were de termined  on s e p a r a t e  r u n s  by f i l t e r i n g  t h e  
e n t i r e  mixture  a t  d i f f e r e n t  l e v e l s  of  chamber B through a 4 c m  d iameter  glass-wool  
S a r t r i d g e  and weighing a f t e r  a s e l e c t e d  t i m e  i n t e r v a l .  L o c a l  c o n c e n t r a t i o n s  of  d u s t  
were determined by f i l t e r i n g  through a paper  e x t r a c t i o n  t h i m b l e  on a 1.0 cm diameter  
i s o - k i n e t i c  sampling p r o b e .  
of  chamber B were c o n s t a n t  t o  w i t h i n  20 p e r c e n t .  C o n c e n t r a t i o n s  of f u e l  i n  chamber B 
At t h e  i g n i t i o n  l i m i t  are termed "lower i g n i t i o n  l i m i t s " ,  and cor respond t o  lower 
k l a m a b i l i t y  l i m i t s ,  e x c e p t  t h a t  i g n i t i o n  l i m i t s  a r e  dependent  on a p p a r a t u s  f a c t o r s .  

The c r i t e r i a  of i g n i t i o n  a f t e r  t h e  h o t  j e t  e n t e r e d  chamber B 

D u p l i c a t e  r u n s  made a t  each  i g n i t i o n  

1 
Local  c o n c e n t r a t i o n s  of d u s t  a t  v a r i o u s  h e i g h t s  and r a d i i  

The c o a l  d u s t  d i s p e r s e r  i n  f i g u r e  2 was c o n t i n u o u s l y  fed  by a n  e n d l e s s  beaded- 
c h a i n  c a r r i e r  t h a t  removed d u s t  from t h e  hopper  a t  a r a t e  de te rmined  by i t s  r o t a t i o n  
speed .  Methane was added through an i n l e t  to  t h e  d u s t  d i s p e r s e r .  
could  be added through t h e  a i r  j e t s ;  t h e  b a l a n c e  was added through d u c t  L. Hypodermic 
n e e d l e s ,  d u s t  c a r r i e r  t u b e s ,  and chamber B were c o n t i n u o u s l y  v i b r a t e d  t o  f a c i l i t a t e  
d u s t  movement and t o  p r e v e n t  d u s t  d e p o s i t i o n .  

Not a l l  o f  t h e  a i r  

The W50 v a l u e s  o b t a i n e d  for  t h e  s i x  samples  a r e  g i v e n  i n  t a b l e  2 .  The v a l u e s  
f o r  t h e  t h r e e  e x p l o s i v e s  c o n t a i n i n g  t h e  l o w  p e r c e n t a g e  of  sodium n i t r a t e  v a r i e d  from 
590 t o  615 grams; and t h e  v a l u e s  o f  the  t h r e e  h i g h  sodium n i t r a t e  e x p l o s i v e s  v a r i e d  
from 650 t o  670 grams.  A s t a t i s t i c a l  a n a l y s i s  of  t h e s e  d a t a  showed t h a t  t h e  type and 
f i n e n e s s  of the  sodium n i t r a t e  had no s i g n i f i c a n t  e f f e c t  on t h e  i n c e n d i v i t y  of t h e  
e x p l o s i v e s  t o  n a t u r a l  g a s  a i r  m i x t u r e s .  However, the  samples  w i t h  t h e  h i g h  sodium 
n i t r a t e  c o n t e n t  were c o n s i s t e n t l y  less  i n c e n d i v e  than  t h o s e  w i t h  l o w  sodium n i t r a t e  
c o n c e n t r a t  i o n s .  

The WCD v a l u e s  f o r  t h e  low sodium n i t r a t e  e x p l o s i v e s  ( a )  f o r m u l a t i o n  v a r i e d  
from 290 t o  490 grams;  t h e  WcD v a l u e s  f o r  t h e  h i g h  sodium n i t r a t e  e x p l o s i v e s  (b)  formu- 
l a t i o n s  v a r i e d  from 80 t o  9 0  grams. A s  i n  t h e  p r e v i o u s  exper iment  t h e  type  and f i n e n e s s  
o f  t h e  sodium n i t r a t e  d o e s  n o t  a p p e a r  t o  have any s i g n i f i c a n t  e f f e c t  on t h e  i n c e n d i v i t y  
t o  c o a l  d u s t .  The 1 0  p e r c e n t  sodium n i t r a t e  e x p l o s i v e s  were more i n c e n d i v e  i n  c o a l  
d u s t - a i r  a tmospheres  t h a n  t h e  4 p e r c e n t  sodium n i t r a t e  e x p l o s i v e s .  The r e v e r s e  was 
t h e  c a s e  f o r  n a t u r a l  g a s - a i r ,  b u t  d i f f e r e n c e s  were much s m a l l e r .  

The c o n c e n t r a t i o n  of o t h e r  c o n s t i t u e n t s  of  t h e  e x p l o s i v e s  were changed; n i t r o -  
g l y c e r i n  i n c r e a s e d  about  1 7  p e r c e n t  between A end B f o r m u l a t i o n s ,  ammonium n i t r a t e  
d e c r e a s e d  by 18 p e r c e n t ,  sodium c h l o r i d e  i n c r e a s e d  by 10 p e r c e n t  and t h e  combust ible  
carbonaceous  m a t t e r  i n c r e a s e d  by 19 p e r c e n t .  
g r e a t e r ,  being about  155  p e r c e n t .  The n e t  r e s u l t  of t h e s e  changes i n  chemical  com- 
p o s i t i o n  i s  t h a t  t h e  oxygen b a l a n c e  i s  m3re n e g a t i v e  f o r  t h e  B f o r m u l a t i o n s  than f o r  
t h e  A group o f  e x p l o s i v e s .  (The oxygen b a l a n c e  i s  t h e  d e f i c i e n c y  o r  e x c e s s  of  oxygen 
r e q u i r e d  f o r  s t o i c h i o s e t r i c  e x p l o s i o n ,  i n  u n i t s  of grams of  oxygen p e r  100 grams of  
e x p l o s i v e . )  
i n  sodium n i t r a t e  c o n c e n t r a t i o n  w i l l  be d i s c u s s e d  l a t e r .  

The sodium n i t r a t e  i n c r e a s e  was much 

Problems of i n t e r p r e t a t i o n  due t o  changes  i n  c o m p o s i t i o n l o t h e r  than changes 
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Figure 3 .  - Effects  of Sodium S a l t s  on Incendivity of H s t  Jets  to  Methane- 
Coal Dust-Air Mixtures. 

0 

\ 



L a b o r a t o r y  Experiments  

Lower i g n i t i o n  l i m i t s  w i t h  and w i t h o u t  sodium n i t r a t e  i n  t h e  h o t  g a s  j e t  which 
s e r v e d  a s  a n  i g n i t i o n  s o u r c e  are  shown i n  f i g u r e  3 ;  no i g n i t i o n  i s  o b t a i n a b l e  t o  t h e  
l e f t  o f  any c u r v e  w i t h  t h e  j e t  used .  Each je t  i s  c h a r a c t e r i z e d  by i t s  oxygen index.  
The f u e l - a i r  m i x t u r e s  s u b j e c t e d  to  t h e s e  j e t s  r ange  from methane -a i r  ( l e a n  l i m i t  of 
f l a m m a b i l i t y  f o r  methane,  35 mz / l i t e r )  t o  h y b r i d  m i x t u r e s  o f  methane-coal  d u s t - a i r  t o  
c o a l  d u s t - a i r  m i x t u r e s  ( s t o i c h i o m e t r i c  c o n c e n t r a t i o n  o f  c o a l  d u s t  u sed ,  109 m g / l i t e r ) .  
A s  t h e  i n c e n d i v i t y  o f  t h e  hot j e t  i s  d e c r e a s e d  by d e c r e a s i n g  t h e  oxygen index  o r  adding 
sodium s a l t s ,  t h e  lower i g n i t i o n  l i m i t s  a r e  d i s p l a c e d  upward f o r  c o n s t a n t  methan. 
c o n c e n t r a t i o n  and t o  t h e  r i g h t  f o r  c o n s t a n t  c o a l  d u s t  c o n c e n t r a t i o n .  T a b l e  3 g i v e s  
t h e  r e d u c t i o n  i n  i n c e n d i v i t y  a s  measured by a n  i n c r e a s e  i n  oxygen i n d e x  o f  t h e  j e t  
r e q u i r e d  t o  i g n i t e  a g i v e n  f u e l  m i x t u r e ;  t h e  compos i t ion  o f  t h e  f u e l  m i x t u r e  i s  g i v e n  
i n  terms o f  c o n c e n t r a t i o n s  o f  methane and c o a l  d u s t .  T a b l e  4 summarizes i n  a n o t h e r  
way, t h e  chanae i n  i n c e n d i v i t y  due  t o  t h e  sodium s a l t s .  As the  i n c e n d i v i t y  o f  t h e  
j e t  d e c r e a s e s  due  t o  t h e  s a l t s  (comparisons f o r  c o n s t a n t  oxygen i n d e x  and c o a l  
c o n c e n t r a t i o n s )  more methane must be  added t o  t h e  f u e l  m i x t u r e  t o  keep i t  i g n i t i b l e .  
The i n c r e a s e  i n  methane i s  i n d i c a t e d  i n  t a b l e  4 by t h e  i n c r e a s e  i n  t o t a l  f u e l  
con c e n t r a  t i o n  . 

The d a t a  f o r  sodium c h l o r i d e  shows t h a t  t h e  h o t  j e t  t e c h n i q u e - i s  c a p a b l e  of  
d e m o n s t r a t i n g  t h e  known e f f e c t i v e n e s s  of sodium c h l o r i d e  i n  r educ ing  incend iv i ty .A/  
The d a t a  f o r  sodium n i t r a t e  p a r a l l e l  t h e  t r e n d  o f  t h e  sodium c h l o r i d e  d a t a ,  bu t  a t  
a lesser l e v e l  o f  e f f e c t i v e n e s s .  Both s a l t s  r educe  i n c e n d i v i t y  o f  t h e  h o t  j e t  toward 
methane,  a hybr id  m i x t u r e  o f  methane and c o a l  d u s t  o r  c o a l  d u s t  on ly .  T h i s  r e s u l t  
was n o t  t h e  c a s e  i n  t h e  g a l l e r y  expe r imen t s  i n  which sodium c h l o r i d e  reduced i n c e n d i v i t y  
t o  g a s  and t o  c o a l  d u s t ,  b u t  sodium n i t r a t e  o n l y  reduced i n c e n d i v i t y  t o  g a s  wh i l e  
i n c r e a s i n g  i n c e n d i v i t y  t o  c o a l  d u s t .  

I t  i s  d i f f i c u l t ,  w i thDut  f u r t h e r  i n v e s t i g a t i o n ,  t o  p i n p o i n t  t h e  r e a s o n  f o r  t h e  
d i f f e r e n c e  i n  t h e  two se t s  of r e s u l t s .  The g a l l e r y  d e t e r m i n a t i o n s  were done w i t h  
c o a l  d u s t  c o n c e n t r a t i o n s  o f  300 r n g / l i t e r  i n  a i r ,  and t h e  a v e r a g e  p a r t i c l e  d i ame te r  o f  
t h e  c o a l  d u s t  was 80 m i c r o n s .  
a much f i n e r  g r i n d ;  c o n c e n t r a t i o n s  used were below 80 m g / l i t e r .  I t  i s  n o t  known whether 
t h e s e  d i f f e r e n c e s  would l e a d  t o  any s p e c i f i c  chemical  e f f e c t  between c o a l  d u s t  and 
sodium n i t r a t e .  The re  a r e  a l s o  d i f f e r e n c e s  between t h e  t w o  se ts  of f o r m u l a t i o n s  of  
t h e  e x p l o s i v e s  ( t a b l e  2 ) .  The o v e r a l l  changes i n  s t o i c h i o m e t r y  between fo rmula t ions  
A and B r e s u l t e d  i n  more c o m b u s t i b l e  m a t e r i a l s  b e i n g  p r e s e n t  i n  t h e  prod,ucts  o f  exp los ion i  
o f  t h e  B fo rmula t ion  t h a n  i n  t h o s e  of t h e  o t h e r .  Perhaps secondary bu rn ing  i n  a i r  
may have c o n t r i b u t e d  t o  t h e  g r e a t e r  i n c e n d i v i t y  o f  t h e  B f o r m u l a t i o n s ,  r a t h e r  than t h e  
g r e a t e r  c o n c e n t r a t i o n  o f  sodium n i t r a t e .  However, a f t e r b u r n i n g  o f  t h e  r i c h e r  f u e l  
c o n c e n t r a t i o n  i n  t h e  e x p l o s i o n  p r o d u c t s  shou ld  i n c r e a s e  i n c e n d i v i t y  t o  n a t u r a l  gas  a s  
w e l l  a s  t o  c o a l  d u s t  u n l e s s  t h e  i g n i t i b i l i t y  o f  c o a l  d u s t  i s  f a r  more dependent  than 
g a s  on t h e  t empera tu re  o f  ' t hc  i g n i t i o n  s o u r c e . g /  

The c o a l  d u s t  used i n  t h e  h o t  j e t  d e t e r m i n a t i o n s  was o f  1' 

, 

The s t r i k i n g  d i f f e r c n z c  i n  t h e  t w o  e x p e r i m e n t s  may be due  t o  t h e  c o n d i t i o n  o f  t h e  
sodium n i t r a t e  when t h e  h o t  g a s e s  a r e  i n j e c t e d  i n t o  t h e  f u e l - a i r  m i x t u r e .  I n  the  c a s e  
o f  t h e  g a l l e r y  e x p e r i m e n t s ,  t h e  n i t r a t e  may be comple t e ly  r e a c t e d  w i t h  f u e l  me te r i a l s  
i n  t h e  d e t o n a t i o n  f r o n t  or s h o r t l y  t h e r e a f t e r .  A u s u a l l y  assumed p roduc t  o f  i t s  r e a c t i o n )  
i s  sodium ox ide .  In t h e  h o t  j e t  expe r imen t  i t  i s  p o s s i b l e  t h a t  less sodium oxide is  
formed i n  t h c  t ime a v a i l a b l e .  
e i t h e r  from sodium L,hloride o r  sodium n i t r a t e  i n  t h 2  d e t o n a t i o n  g a s e s  may be  a s p e c i f i c  
i n h i b i t o r  f o r  t h e  i g n i t i o n  o f  methane,  and t h a t  sodium o x i d e  may have a s p e c i f i c  i g n i t i o n  
promoting mcchanism f o r  c o a l  d u s t .  I n  t h c  ho t  j e t  c a s c , '  sodium c h l o r i d e  and sodium 
n i t r a t e  may p lay  r s s e n t i a l l y  equa l  r o l e s .  

Thus t h e  p o s s i b i l i t y  e x i s t s  t h a t  sodium compounds d e r i v e d  
,, 

- 111 S i n g e r ,  J .  M .  and J. Grumer.  Equ iva lences  o f  Coal Dust and Methane a t  t h e  L 3 w e r  
I g n i t i o n  L i m i t s  o f  T h e i r  Mix tu res .  
D i r e c t o r s  o f  S a f e t y  i n  !lincs Kcbscarch, S h e f f i e l d ,  England, 1965, Papcr  13, 2 2  PP. 
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Table 3.  - I n c e n d i v i t y  of h o t  g a s  j e t s : '  minimum oxygen i n d i c e s  of 

j e t s  r e q u i r e d  t o  i g n i t e  c o a l  dus t -me thane -a i r  m i x t u r e s .  

I Fuel  
1: Composi t ions A d d i t i v e s  i n  i g n i t i o n  jet&/ . 

Zoal d u s t  Methane 
Foncentra-  Concen- No a d d i -  0 . 1  gm 0.1 gm 0.05 gm 0.05 gm 0.025 gm 0.025 gm 
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Weight of a d d i t i v e  i n  pr imary 
n = Not i g n i t i b l e  w i th  oxygen 

I '  

chamber b e f o r e  i g n i t i o n .  
i ndex  of u n i t y .  :-  . 
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The e f f e c t  o f  a d d i t i v e s  on i g n i t i o n  h a s  been examined r e c e n t l y  by se 

The exper iments  of  S i n g e r  u s i n g  h o t  laminar  n i t r o g e n  j e t s y : n d  h o t  i n v e s t i g a t o r s  
pu lsed  jet&] a s  i g n i t i o n  s o u r c e s  i n d i c a t e d  t h a t  (1) gaseous  i n h i b i t o r s  were more 
e f f e c t i v e  when added t o  h o t  laminar  n i t r o g e n  je ts  t h a n  t o  t h e  f u e l  m i x t u r e s  t o  be 
i g n i t e d ,  and ( 2 )  i n h i b i t o r s  suppressed  i g n i t i o n  by h o t  pu lsed  t u r b u l e n t  j e t s  less 
e f f i c i e n t l y  t h a n  i g n i t i o n  by hot  cont inuous  laminar  jets. In i g n i t i o n  by h o t  p u l s e d  
t u r b u l e n t  j e t s ,  h i g h e r  t e m p e r a t u r e s  and h i g h  rates o f  h e a t  and mass t r a n s f e r  to  t h e  
d u s t  m i x t u r e s  n u l l i f i e d  t h e  e f f e c t  of t h e  v o l a t i l e  i n h i b i t o r s .  In h o t  cont inuous  
laminar  j e t s ,  t h e  same compounds were powerful  i g n i t i o n  s u p p r e s s o r s ,  a p p a r e n t l y  
because they i n h i b i t e d  s low chemica l  r e a c t i o n s  coupled t o  t h e  s low d i f f u s i o n  o f  
oxygen and f u e l  i n t o  t h e  s lower  moving h o t  g a s e s .  

Most of t h e  work r e p o r t e d  by o t h e r  i n v e s t i g a t o r & /  c o n c e r n s  s u p p r e s s i o n  o f  f lames  
o f  g a s  m i x t u r e s  by well-known i n h i b i t o r s  such a s  ha logenated  hydrocarbons  and a l k a l i  
m e t a l  compounds. Flame i n h i b i t i o n  mechanisms sugges ted  f o r  g a s  m i x t u r e s  u s u a l l y  r e l a t e  
t h e  c o n d i t i o n  t h a t  c h a i n  branching  of t h e  a c t i v e  s p e c i e s  w i l l  e q u a l  c h a i n  b r e a k i n g  in 
f lames  o f  m i x t u r e s  w i t h  a minimum (or  z e r o )  f lame v e l o c i t y  o r  i n  f lames  a t  t h e  upper  
and lower f lammabi l i ty  l i m i t s .  Dust  i n h i b i t o r s  a r e  presumed t o  a c t  e i t h e r  a s  c o o l a n t s  
o r  a s  chemical  i n h i b i t o r s  a t t a c k i n g  f r e e  r a d i c a l s  r e s p o n s i b l e  f o r  c h a i n  r e a c t i o n .  One 
e x p l a n a t i o n  i s  t h a t  t h e  e f f i c i e n c y  of  a chemical  i n h i b i t o r  i s  r e l a t e d  t o  t h e  e a s e  o f  
removal of a f r e e  v a l e n c e  e l e c t r o n  5y a c o l l i d i n g  r a d i c a l .  Sodium n i t r a t e  and sodium 
c h l o r i d e  a r e  c l a s s e d  a s  b o t h  thermal  and chemical  i n h i b i t o r s .  
- 1 2 /  
13/  Second work c i t e d  i n  f o o t n o t e  10.  
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CONCLUSIONS 

1. The i n c e n d i v i t y  t o  methane 3r n a t u r a l  g a s - a i r  m i x t u r e s  was reduced by t h e  presence  
of sodium n i t r a t e  in e x p l o s i v e s  or  i n  hot  j e t s  from methane-oxygen-ni t rogen e x p l o s i o n s .  

2 .  The i n c e n d i v i t y  t o  methane-coal  d u s t - a i r  m i x t u r e s  was reduced by sodium n i c r a t e  
i n  t h e  h o t  j e t s .  

3 .  T h e  i n c e n d i v i t y  t o  c o a l  d u s t  was i n c r e a s e d  by s o d i u n  n i t r a t e  i n  e x p l o s i v e s  and 
d e c r e a s e d  by sodium n i t r a t e  i n  t h e  hot j e t s .  
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INTRODUCTION 

In the porous -p la te  combust ion  s y s t e m ,  a n  unburned gaseous  fuel-'oxidant 

The  va r i e ty  of poss ib le  po re  s t r u c -  
mix tu re  i s  fed into the u p s t r e a m  s ide  of a porous  solid.  
ac t ion  zone i s  nea r  the d o w n s t r e a m  su r face .  
t u r e s  and so l id  m a t e r i a l s  o f f e r s  a va r i e ty  of r eac t ion  a r e a s .  
bus t ion  in the gas phase  above  the solid (a  f l ame) ,  in po res  l a rge  enough to p e r m i t  
e s sen t i a l ly  o rd ina ry  f l a m e s ,  in po res  too s m a l l  to p e r m i t  o r d i n a r y  f l a m e s ,  on the 
p o r e  s u r f a c e s  within a ca ta ly t ic  porous  med ium,  and combinations of these.  

The combustion o r  r e -  

They include c o m -  

Th i s  paper  p r e s e n t s  a theo re t i ca l  ana lys i s  of combustion in and above a non- 
ca t a ly t i c  so l id  with fine p o r e s .  
ope ra t ion  of such  a s y s t e m ,  and the opera t ing  cha rac t e r i s t i c s  a s  they depend on 

Its pu rpose  is to  ind ica te  the l imi t s  of s t eady- s t a t e  

. f l o w  r a t e .  

The location of the  combust ion  zone is deduced f r o m  the mode l ,  r a t h e r  than 
inc iuded  iii t k ~ s  assiirr,p:icr.s. 
p r e h e a t e r  o r  a s  a r e a c t o r .  
p la te  and m o s t  of the  combust ion  o c c u r s  above it. 
combust ion  occur s  in the  plate.  
t e r e s t  h e r e .  The  quant i ta t ive  r e s u l t s  a r e  n e c e s s a r i l y  in sepa rab le  f r o m  the a s sumed  
c h e m i c a l  kinetics and phys ica l  p rope r t i e s .  
to  , reasonably  r ea l  s y s t e m s ,  but in any  c a s e ,  they demons t r a t e  the types of operating 
houndar ies  to be encountered  in such  s y s t e m s .  

Pc ten t i a l ly ;  the poroiis plate can  opera te  e i the r  a s  a 
In  the f i r s t  c a s e ,  the incoming gases  a r e  heated in the 

In the o ther  c a s e ,  m o s t  of the 
The c h a r a c t e r i s t i c s  of both mechan i sms  a r e  of in-  

These  have been chosen to cor respond 

THE HYPOTHETICAL MODEL' 

The  s y s t e m  i s  defined to be unid imens iona l ,  with a semi- inf in i te  porous solid.  
Within the porous p h a s e ,  the gas and so l id  t e m p e r a t u r e s  a r e  equivalent,  and the 
p o r e s  a r e  sufficiently fine tha t  the equations appl icable  to a homogeneous phase  can  
be used. 
ou ts ide  the solid.  

based  on those  p re sen ted  by Spalding.' T o  so lve  the equat ions ,  even numer i ca l ly ,  a 
r e l a t ionsh ip  between the loca l  t e m p e r a t u r e  and composition i s  e x t r e m e l y  convenient. 
In the porous phase ,  the a s sumpt ion  of no  m a s s  diffusion gene ra t e s  this relationship.  
In the gas reg ion ,  the a s sumpt ion  of a Lewis number  of 1 ,  a s  originally suggested by 
Semenov ,* s e rve s this pu rpose .  

conveniently se t  in t e r m s  of m a s s  f r ac t ion  of the fue l  (.for a lean  sys t em)  and the 
t e m p e r a t u r e ,  in thc m a n n e r  used by Spalding.. The r e su l t i ng  s t eady- s t a t e  equations,  
in t e r m s  of reduced va . r iab les ,  a r e :  

F o r  the region outside the so l id  

The chemica l  k ine t ics  a r e  the  s a m e  within the p o r e s  a s  in the gas phase .  

The  equations to d e s c r i b e  the ene rgy  and m a s s  t r a n s f e r  in this s y s t e m  a r e  

F u r t h e r m o r e ,  thc formula t ion  of the ove ra l l  kinetics of the reac t ion  is m o s t  
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,J F o r  the porous region 

r d2T/d?-ddT/dy + anT?fgak’ = 0 k 

Q = 1- T t rk d r  f d y  

(3 )  ’ -  

’ where  

T = t e m p e r a t u r e  above the feed g a s  t e m p e r a t u r e  re la t ive  to  the 8 

adiabat ic  t e m p e r a t u r e  r i s e  

= distance X gas  spec i f ic  h e a t X  gas m a s s  veloci ty  f gas  y 
l t h e r m a l  conductivity 

a = fuel  m a s s  f rac t ion  re la t ive  to inlet  fue l  m a s s  f rac t ion  

rk  

g m a s s  veloci ty  re la t ive  to the ad iaba t ic  burning veloci ty  

= mean  sol id  t h e r m a l  conductivity re la t ive  to tha t  of the  gas 

n = overa l l  o r d e r  of reac t ion  in terms of fue l  f rac t ion  

Tm = 

P = poros i ty  of the sol id  

k z  = cons tan t  

The in te rac t ion  of the s y s t e m  with the surroundings o c c u r s  only by r ad ia -  
tion to and f r o m  the porous-p la te  sur face .  With th i s ,  the conditions at  the bound- 

t e m p e r a t u r e  dependence of reac t ion  r a t e  

\ a r i e s  a r e :  

y = - m :  T = 0, d T f d y  = 0 ( 5) 

( 6) 

( 7 )  

y = cu : 

y = 0 : 

T = r f ,  d T / d y  = 0 

E T S  = g ( 1  - T f )  t 6 T b S  

T~ = 1 + rk(dT/dy)  - ( d r / d y ) y  ,o ( 8) Y<O 

i f  y i s  z e r o  a t  the s u r f a c e ,  T i s  the f ina l  gas  t e m p e r a t u r e ,  Tb is the t e m p e r a t u r e  
of the sur roundings ,  and ETS is the radiat ion law fo r  the solld. f 

L 

The solution of Equat ions 1 through 8 f o r  a specif ied g and Tb cons is t s  of 
finding a t e m p e r a t u r e  dis t r ibut ion in the porous  phase f r o m  3 and 5 ,  and one in the 
g a s  phase  f r o m  1 and 6 ,  tha t  can  b e  l inked up at the s u r f a c e  in accordance  with 7 
and 8. 
t e m p e r a t u r e ,  depending on the opera t ing  p a r a m e t e r s .  

’ 
Two, one ,  o r  n o  solut ions m a y  exist, f o r  a given flow r a t e  and  surrounding 

Although reac t ion  o c c u r s  in both p h a s e s ,  the solutions c o r r e s p o n d  to the 
i porous  phase act ing p r i m a r i l y  a s  a h e a t e r ,  with the m a j o r  combust ion in the gas 

p h a s e ,  o r  to the m a j o r  combust ion occurr ing  in the porous phase.  In this  p a p e r ,  
t h e s e  r e g i m e s  a r e  r e f e r r e d  to  a s  p r e h e a t e r  and r e a c t o r ,  respec t ive ly ,  to empha-  
s i z e  the ro le  of the p ~ r o u s  sol id .  

I 
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The lack of a s t e a d y - s t a t e  solut ion m u s t  i m p l y  the imposs ib i l i ty  of s table  
opera t ion  for  the p a r t i c u l a r  input  and sur rounding  t e m p e r a t u r e .  Also ,  m o r e  than 
one  s teady-s ta te  solut ion m a y  e x i s t  f o r  a n y  given s e t  of conditions.  On the other  
hand , the  ex is tence  of a s t e a d y - s t a t e  solut ion does  not n e c e s s i t a t e  s t a b l e  operation, 
s i n c e  o t h e r  f a c t o r s  m a y  b e  involved. 

1 
~ 

RESULTS 

In the p r i m a r y  example u s e d  for a n a l y s i s ,  values  of the p a r a m e t e r s  a r e  
n.2, m= 1 0 ,  ~ ~ 1 . 1 7 ,  S = 3  and P z 0 . 3 .  As shown in previous  work ,3  m= 10 is appro-  
p r i a t e  for  m e t h a n e - a i r  s y s t e m s .  
f l a m e  t e m p e r a t u r e  of 2190"K,  the values  f o r  E and S c o r r e s p o n d  to a bla'ck-body 
radiation.1aw. Two va lues  of r w e r e  s tud ied ,  5 and 2 0 ,  corresponding  to insulating , 
and high-conduct ivi ty  p o r o u s  sokids,  respec t ive ly .  

F o r  a 105 p e r c e n t  a e r a t e d  flame with a n  adiabatic 

' 

In F i g u r e  1 ,  a typ ica l  s e t  of t e m p e r a t u r e  d is t r ibu t ion  c u r v e s  is presented.  
Kote tha t  Equat ions 3 ,  4 ,  and 5 define the t e m p e r a t u r e  d is t r ibu t ion  in  the porous 
phase  with the flow r a t e  as  t h e  only opera t ing  p a r a m e t e r .  
monotonical ly  with flow r a t e .  
s t a t e  solution. 
a s u r f a c e  cons is ten t  with Equat ions 6 ,  7 ,  and 8 ex is t s .  
with r e s p e c t  to the t e m p e r a t u r e  dis t r ibut ion of the porous  phase  depends on the s u r -  
rounding t e m p e r a t u r e  a n d  on the solut ion f o r  the gas  phase.  

The  max imum T increases  
Any finite flow r a t e  wil l  yield a porous  phase  steady- 

However ,  the whole s y s t e m  has a val id  s t e a d y - s t a t e  solution only if 
The  locat ion of the surface 

In F i g u r e  2,  the s t e a d y  s t a t e s  for  a sur roundings  t e m p e r a t u r e  (Tb) of 0.4 a r e  

The  lower  input l i m i t  i s  the s a m e  for  the 
shown f o r  r k =  5 i n  t e r m s  of the s u r f a c e  and f inal  gas  t e m p e r a t u r e s .  
behavior  of these  s y s t e m s  when TG is low. 
sol id  behaving a s  a r e a c t o r  o r  a s  a p r e h e a t e r .  
z e r o .  The  upper  input l i m i t  of the p r e h e a t e r  reg ion  c o r r e s p o n d s  to the situation 
when all the incoming rad ia t ion  goes into preheat ing the gas .  
t e r i s t i c  is the m a x i m u m  in  the  s u r f a c e  t e m p e r a t u r e  vs. feed r a t e  c u r v e  f o r  p r e -  
h e a t e r  operat ion.  
of operat ion.  

p re sumab ly  is de t e rmined  by the path to the s t e a d y  s ta te .  
cold a t  a flow r a t e  within the prehea t  r e g i o n ,  it will  behave  as  a prehea ter .  
s t a r t e d  a t  a h igher  r a t e  w h e r e  the sol id  is a r e a c t o r ,  a reduct ion in flow r a t e  would 
keep the s y s t e m  in tha t  r e g i m e .  The  type of instabi l i ty  which  r e s u l t s  f r o m  a r e -  
duction of the flow r a t e  beyond the lower  input l imi t  i s . n o t  known f r o m  this analysis .  
However ,  the ex ten t  of r e a c t i o n  is 16 p e r c e n t  within the sol id  a t  the lower l imi t ,  
which woiild indicate  tha t  the s y s t e m  would go into f lashback.  

In Fig( i rc  3 ,  the c h a r a c t e r i s t i c s  of the s a m e  s y s t e m  ( r k =  5) a t  high sur round-  
ing t e m p e r a t u r e s  a r e  i l l u s t r a t e d  w-ith ~ \ , = . 6 .  At low f lows,  no  s teady  s t a t e s  a r e  pOS- 
s ihle .  The  r e g i m e s !  in  o r d e r  o t  increas ing  f l o w ' r a t e ,  then c o n s i s t  of one in which 
only p r e h e a t e r  hchavior  i s  poss i I ) lc ,  one in which Imth p r e h e a t e r  and r e a c t o r  b e -  
havior  i s  poss ih lc ,  and one in  u.]lich only r e a c t o r  behavior  is possible .  
i n i p l y  thc cxistencc! o f  two lower  l i n i i t s ,  depending o n  opera t ion  a s  a prehea ter  or  as 
:I r e a c t o r .  
in par t i r i i l a r  whe the r  the lo\vcr l imi t  f o r  the r e a c t o r  c o r r e s p o n d s  to a discontinuous 
t r a n s i t i o n  to  p r c h e a t c r  hchavior  o r  d i r e c t l y  to f lashback.  

This  i s  the 

It is  not  z e r o  i f  Tb is g r e a t e r  than 

Another notable c h a r a c -  

T h u s ,  a m a x i m u m  yie ld  of rad ia t ion  e n e r g y  e x i s t s  for this type , 
T h e  choice when  t h e r e  a r e  two poss ib le  s t e a d y  s t a t e s  a t  a given flow ra te  

If the b u r n e r  is s ta r ted  
If i t  is  

, 
These  resu l t s  

Again ,  this  type o f  a n a l y s i s  cannot  ant ic ipate  the behavior  a t  these bounds, 

The equivalent  s y s t e m ,  biit with a h i g h e r  r e l a t i j e  t h e r m a l  conductivity fo r  the 
porous  p h a s e ,  r = L O ,  i s  s i m i l a r  t o  the r k =  5 s y s t e m  in m o s t  a s p e c t s .  The separa t ion  
(if  the lower hounds for p r e h e a t e r  and r e a c t o r  o c c u r s  a t  lower  sur rounding  t e m p e r a -  
t u r c s ,  a s  sh0u.n in F ig i i rc  4. 
p e a r s .  
and  too low for  r e a c t o r  behavior .  

k 

A t  higher  t e m p e r a t u r e s ,  another  type of behavior aP-  
F o r  T \ , = 0 . 6 ,  ( F i g u r e  5 )  t h e r e  is a flow reg ion  too h igh  for p r e h e a t e r  activity 
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Flg.  1.-TEMPERATURE DISTRIBUTIONS IN POROUS SOLID AND GAS PHASES 
WITH POROUS PHASE ACTING AS PREHEATER AND AS REACTOR, 

T b =  0.4, r k =  5. 
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Fig .  2.-FINAL GAS TEMPERATURE +ND TEMPERATURE O F  THE SURFACE 
O F  THE POROUS SOLID AS FUNCTIONS O F  GAS FLOW R A T E ,  

T~ 0 .4 ,  rk = 5. 
I 
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F 1 2 .  3.-FISAL GAS TEMPERATURE AND TEMPERATURE O F  THE SURFACE 
O F  T H E  POROUS SOLID AS FUIL'CTIONS O F  F L O W  R A T E ,  

Tb = 0 . 6 ,  r k =  5. 
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1 1 2 .  -i.-FISAL (;AS TEiMPERATURE AKD TEMPERATURE O F  THE SURFACE 
O F  TIIE PORO1:S SOLID AS FIJNCTIONS OF GAS FLOW RATE,  

T,, 0 . 4 ,  rk = 20.  I 
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Fig.  5.-FINAL GAS TEMPERATURE AND TEMPERATURE O F  THE SURFACE 
O F  THE POROUS SOLID AS FUNCTIONS OF GAS FLOW RATE,  

T~ = 0 . 6 ,  rk = 20. 



SUMMARY 1 

The theo re t i ca l  ana lys i s  demons t r a t e s  the ex is tence  of h e a t  input l imi t s  
( l i m i t s  of s t eady- s t a t e  opera t ion)  for  a noncatalytic porous-p la te  b u r n e r .  I t  in- 
d i ca t e s  the re la t ive  location of t hese  l imi t s  and the e f fec t  of the t empera tu re  of 
the sur roundings .  T h e  ana lys i s  a l s o  shows the s u r f a c e  t e m p e r a t u r e s  a s  a function 
of input and su r round ing  t e m p e r a t u r e .  

, 

The porous  p l a t e  can  ope ra t e  in two ways :  

1)  As a p rehea te r  - T h e  incoming g a s e s  a r e  p rehea ted  a s  they p a s s  through the 
p l a t e ,  with mos t  of the combustion o c c u r r i n g  above the plate.  

2) As a r eac to r  - The  f u e l - a i r  mix tu re  r e a c t s  p r i m a r i l y  in the p la te  r a t h e r  than 
above i t .  

T h r e e  d i f fe ren t  input 1 imi t s . fo r  s t eady- s t a t e  opera t ion  a r e  shown to exis t :  

1 )  An upper l imi t  fo r  ope ra t ion  a s  a p r e h e a t e r .  

2) A lower l imi t  for p r e h e a t e r  opera t ion .  

3 )  A lower l imi t  f o r  r e a c t o r  operation. 

L imi t s  2 and 3 can  be  iden t i ca l  under s o m e  conditions. 

The porous  p l a t e  can  s o m e t i m e s  a c t  e i the r  a s  a p rehea te r  o r  a s  a reac tor  
a t  a given input. 
the two mechan i sms  s i n c e  the  plate s u r f a c e  t e m p e r a t u r e s  a r e  often s imi l a r .  The 
appropr i a t e  m e c h a n i s m  c a n  be de t e rmined  m o s t  r ead i ly  by de termining  the effect 
of var ia t ions  in the input r a t e  on the  s u r f a c e  t e m p e r a t u r e .  

In such  a c a s e ,  i t  m a y  be difficii l t  t o  vlu+!ly differe-tiate b e t - ~ e e i i  

I 
<I I 
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FORMATION O F  NITROGEN OXIDES I N  AERATED METHANE FLAMES 

R. B. Rosenberg and D. S. Hacker  

Institute of Gas Technology, 'Chicago, Illinois 

INTRODUCTION 

An investigation to determine the kinetics of the formation of the oxides of 
ni t rogen produced in  a'erated methane f l a m e s  is cur ren t ly  in p r o g r e s s  at IGT. Un-  
d e r  controlled flow conditions, the location and concentration of the oxides of n i t ro-  
gen - ni t r ic  oxide,  NO, and ni t rogen dioxide,  NOz - were  experimental ly  measured  
in a premixed bunsen-t  e f lame and on a premixed f la t  f lame.  The compositions 
of the p r i m a r y  s t r e a m  g e l - o x i d a n t )  and the secondary  stream w e r e  var ied.  This  
paper  s u m m a r i z e s  the highlights of the work to  date. The study i s  sponsored by 
the Amer ican  Gas Association under i ts  PAR (Promotion-Advert is ing-Research)  
Plan.  

' 
; 

EXPERIMENTAL TECHNIQUE . . 

The data on NO2 w e r e  obtained with a M a s t  nitrogen dioxide analyzer .  
. .  

I\ 
The 

concentrations of NO were  initially de te rmined  by use  of a catalytic probe which 
converted the N O  to NO, for  l a t e r  analysis  with the Mast. The NO concentrations 
a r e  cur ren t ly  being obtained by homogeneously oxidizing the NO to NO2 with oxygen 
a t  high p r e s s u r e  pr ior  to analysis .  Spot checks by. the. phenyldisulfonic ac id  tech- 
nique a r e  made on.the concentration of ,oxides of ni t rogen in the water  condensed 
f r o m  the flue g a s  sample s t ream.  These  have not shown significant quantit ies of 
ni t rogen oxides in m o s t  cases .  

The reproducibil i ty of the data  is very  good for  runs made on the s a m e  day. 
Most The w o r s t  var ia t ions observed for runs on different  days w e r e  about * 2  ppm. 

of the data showed s m a l l e r  var ia t ions than this .  

6 
EXPERIMENTAL RESULTS . 

F i g u r e  1 shows a bunsen f lame which had a p r i m a r y  feed s t r e a m  c o n s i s t h g  

F igure  2 shows the concentrations of 'NO 
It can  be seen  that NO f o r m s  
It then diffuses both toward 

the burning gas .  

; 

it 

of methane with 67 percent  of the. s toichiometr ic  a i r  requi red  fo r  complete  combus-  
t ion,  and a secondary feed s t r e a m  of air. 
and NO2 measured  a t  var ious posit ions in  this f lame.  
in a nar row region n e a r  the outside edge of the f lame.  
the center  of the burner  and into the secondary  a i r  s t r e a m .  
NOz . in  the secondary a i r  s t r e a m .  

' It oxidizes rapidly to 
Very l i t t le  NO, i s  found 

Table 1 shows the average concentration of N O  t NO, (NO ) at each  height. 
above the burner .  
which would have to be uniformly dis t r ibuted over the cyl indrical  c r o s s - s e c t i o s  to 
yield the s a m e  total concentration shown a t  each  height in Figure  2. Table 1 shows 
that  the formation of N O  Above the t ip  of 
the f l a m e ,  i.e. , ' a t  heightr  g r e a t e r  than 7 . 2  c m ,  the concentration is s e e n  to remain  
constant  within experimental  uncertainty.  This  suggests  that the f lame is acting a s  
m o r e  than.a  source  of hea t ,  and may be participating chemical ly  in the  formation of 

X 0 ,  

This average  value cor responds  to the concentrat ion of NO 

' occurs  only where  the f lame is present .  

, 

' NOx. 
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Table  1 .-AVERAGE NO CONCENTRATION AT VARIOUS HEIGHTS ABOVE 

FLAMEHOLDER WITH A CONICAL FLAME O F  67+ PRIMARY AERATION 
,x 

( P r i m a r y  Flow Rate 15.6 C F / h r )  

ITcieht Above 
F lameho lde r ,  

c m  

0. i 
1.8  
3.7 
7.7 
9.7 

1 5  

Average NO Concentration, p p m  
Correc ted  fo!: 

Tempera tu re  Profile 

- -  
3.6 
4.8 
- -  

4.5 

Uncorrected 

1.3 
1.7 
2.9 
4.5 
3.9 
4.2 

F i g u r e  3 shows the r e s u l t s  obtained when a r g o n  was  substi tuted for nitrogen 
i n  rhe p r i m a r y  s t r e a m ,  with a i r  re ta ined a s  the secondary  s t r e a m .  The concent ra -  
t ion of a rgon  was var ied  so  that  the difference between the heat  capacit ies of a rgon  
2 n d  ni t rogen would not be  a factor .  
\ V I I C I I  a rgon  i s  substi tuted fo r  nitrogen. Thus,  it is seen  that  the nitrogen whichxre- 
. , . - i s  to f o r m  NO 
\>. hat m o r e  beingXsupplied by the secondary. 

The  data show a lower concentration of NO 

is  supplied by  both the p r imary  and secondary s t r e a m s ,  with some-  

Tables  2 and 3 show the effect  of p r imary  mixture  flow r a t e  (heat input) and 
o,' p r i m a r y  aera t ion  on NO concentrat ion a t  a height of 1 5  c m  above the burner .  The 

, ( 3  !)le 2.-EFFECT O F  PRIh4ARY MIXTURE FLOW RATE ( 6 7 %  PRIMARY AIR) 
O S  THE CONCENTRATION O F  NOY 15 cm ABOVE FLAMEHOLDER 

x 
. .  

_ _  
NO at  V'arious Radial  Pos i t ions ,  ppm PI- 11 ,la ry  Mixture  

F l o w  Rate ,  X 

CF,!hr 0.0 c m  1.2 c m  2.4 c m  
.- 

12.1 2.7 4.1 3.7 
13.6:: ' 3.1 f 1.0 4.5 f 0.9 3.5 f 0.5 
' 0 . 0  3.5 4.2 3. h 
25.0+ 1.2 f 0.5 5.7 f 0.3 4.8 f 0.1 

::: Averageof  4 r u n s  t Average  of 2 runs 

i.al>l<: 3.-EFFECT O F  PRIMARY AERATION ON THE CONCENTRATION O F  NOx 
15 cm Above Flameholder  

P r i m a r y  
Mixture  NO a t  Various Radial  Pos i t ions ,  ppm 

._ 
L Y L : - , i i ~  r y 

.'. I :_.. t i(an,  Flow R a t e ,  X 

C F / h r  

15.6 
20.0 
18.2 

25.0 
30.0 
29.1 
26.3 

::: Average o f  4 runs 

0 . 0  c m  

3.1 f 1.0 
3.5 
1.9. 

1.2 f 0.5 
4 .8  f 1.1 ~- 
3.1 f 0.1 

1 .2  

1.2 c m  

4 . 5 . f  0.9 
4.2 
4.4 

5.7 f 0 . 3  
5.1 f 0.5 
2.-8 f 0.2 

1.7 

t Average of 2 runs 

2.4 r m  

3 . 5 f  0.5 
3.6 
3.4 

4.8 f 0.1 
5.4 f 0.4 
3 .0  f 0.2 

1.9 

I 
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Figure l.-QUARTZ P R O B E  AND 67% A E R A T E D  FLAME 
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p r i m a r y  mixture  flow ra t e  h a s  no apparent  effect over  the range  of 12  to 20  CF/hr .  
T h e r e  a p p e a r s  to b e  a small change in tbe 
c r e a s e d  to 2 5  C F / h r .  The flow ra t e  of the s t r e a m  h%s no  effect over  the 
s a m e  range.  

ion of NO a s  the input is in- 

The effect of p r i m a r y  ae ra t io  
p r i m a r y  a i r .  
when the p r i m a r y  mucture i s  m a d e  fuel-lean. F igure  4 shows the N$and NO, con- 
cent ra t ion  prof i les  of a f lame with 110 percent  p r i m a r y  aerat ion.  In cont ras t  to the 
fue l - r i ch  p r i m a r y  mixture  ( F i g u r e  2))the p r i m a r y  oxide of ni t rogen that is present  
i s  NO,, r a the r  than NO. 
s m a l l  combustion zone a s  opposed to the two l a r g e r  combustion zones with the fuel- 
r i ch  p r i m a r y .  This m a y  account  f o r  the decreased  NO with the fuel- lean pr imary .  

The shape and posi t ion of the react ion zone fo r  the formation of N O  f r o m  a 
bunsen o r  conical f lame made  a kinetic analysis  difficult. 
m e n t a l  work was changed f r o m  a bunsen to a f la t  f lame s tabi l ized by a flameholder 
co:is,isting of a collection of s t a m l e s s  s t ee l  capi l lary tubes. 
of data  a r e  being obtamed with this burner .  

s not l a rge  over  the range of 67 to 90 percent  
However,  a s t rong  d e c r e a s e  in  the concentration of NO is observed 

The f lame with the fuel- lean p r i m a r y  has  only a s ingle ,  

X 

Consequently,  thxe experi-  

A m o r e  detailed s e r i e s  

One of the m o s t  in te res t ing  observat ions i l lustrated i s  i n  F igure  5 ,  where the 
concentrat ion of NO, along the center l ine i s  shown a s  a function of height above the 
b u r n e r .  
about 0.1 c m ) ,  and then rapidly decompose. 
with the fuel-r ich and s toichiometr ic  p r i m a r y  mixtures .  
found a t  a l l  heights above the burner  with the fuel- lean p r i m a r y  mixtures .  
data  w e r e  obtained with ni t rogen a s  the secondary gas. A s i m i l a r  effect is observed 
when argon i s  the secondary,  
c r e a s e d  when a i r  is the secondary .  

The NO, i s  seen  to  f o r m  v e r y  close to  the f lame (which is at a height of 

However,  some NO, is 
The NO, concentration d e c r e a s e s  to zero  

These 

However,  the decomposition of NO, i s  great ly  de -  

F igure  6 shows the e f fec t  of this decomposition on the relat ive concentrations 
of NO and NO, when an  a rgon  o r  a i r  secondary is used with a p r i m a r y  mixture  of 
100 .5  percent  aerat ion.  

i s  NO n e a r  the burner  center l ine ,  but it i s  NO, near  the secondary. F i g u r e  7 shows 
that a l m o s t  no NO is p r e s e n t  a t  0.1 c m  above the burner .  NO, i s  the p r i m a r y  oxide 
of ni t rogen a t  a l l  r ad ia l  posi t ions.  

I t  is seen  that there  i s  m o r e  NO, present  a t  a height of 1.1 
c m  with a i r  than with argon.  However ,  in e i ther  c a s e ,  the p r i m a r y  oxide of nitrogen f 

T h e r e  a r e  th ree  significant observat ions to be drawn f r o m  this s toichiometr ic  

1 )  NO, is the oxide of ni t rogen which is formed UI the f lame.  

2 )  Some of this NO, decomposes to NO. 

3)  KO a lso  f o r m s  by another  mechanism in the combustion 
products above the flame. 

f l a m e .  

' 

These  observat ions do not n e c e s s a r l l y  contra'dict the data f r o m  the bunsen f lame,  
s ince  there  a r e  a cons iderable  number of differences between the two sys tems.  

. <  
T h e r e  a r e  two regions of formation of NO b y  a f la t  f lame. F igure  8 shows 

that NO, is formed f r o m  a methane-a i r  p r i m a r y  &earn with a n  a rgon  secondary.  
This  NO, which must  have formed in the flame, is seen to decompose. F igure  9 
shows that NO, is formed f r o m  a methane-argon-oxygen p r i m a r y  s t r e a m  with an  air 
secondary.  
mixing,  does not appear  to  decompose to  any significant extent. 
fe rences  between these two regions may explain the 
s e r v e d ,  s ince the s a m e  re la t ive  e f fec t  i s  noted when NO, is added to the p r i m a r y  
mixture  of a methane-argon-oxygen f l a m e  with a n  a rgon  secondary.  ,The decom- 
posit ion 1s much g r e a t e r  n e a r  the center  of the b u r n e r  than n e a r  the secondary.  

This NO,, which f o r m s  where the p r i m a r y  and secondary s t r e a m  a r e  
Tempera ture  d i f -  

different decompositions ob- 

We 
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a r e  aware  that the re  is s o m e  oxidation of N O  to NO, in our sampl ing  sys tem.  At 
p re sen t ,  the f rac t ion  oxidized appea r s  to be small. We a r e  in te rpre t ing  the m e a s -  
ured  NO2 as being p r imar i ly  f r o m  the flame. 

Theore t ica l  equilibrium and kinetic studies a r e  cur ren t ly  in process .  F ig -  
lire 10 shows the calculated concentration of NO in equilibrium1 with the combus- 
tion products f r o m  f lames  of var ious  compo.sitio%s and various tempera tures .  At 
these t empera tu res ,  (above 1500"K), the ra t io  of the concentration of N O  to that of 
NO, is m o r e  than 300:l .  This ra t io  inc reases  a s  the tempera ture  inc reases  o r  the 
oxygen concentration dec reases .  

The region where  NO f o r m s  in the bunsen f lame has  relatively steep ax ia l  
X and rad ia l  t empera ture  gradients.  range is f r o m  2200" 

to 3100"R. The flat flame provides a rad ia l  region of m o r e  than 2.4 c m  of ve ry  uni- 
f o r m  tempera ture .  The. ax ia l  t empera tu re  grad ien t  i s  only about 25 "C/cm.  The tem- 
pe ra tu re  above the flat  f lame has  been es t imated ,  with cor rec ted  thermocouple r ead -  
i n g s  and published co r re l a t ions ,~ - '  to be about 1500" * 100°C (2700"R). 

The es t imated  tempera ture  

Thus ,  there  a r e  no indications that to ta l  concentrations in excess  of equilib- 
riiim a r e  being formed f r o m  stoichiometric o r  fuel-lean f lames .  However,  the ra t io  
c.11 NO to NO, is not cha rac t e r i s t i c  of the h igh- tempera ture  equilibrium. 
he due to the oxidation in the sampling sys tem.  

This may 

The kinetics of this sys t em a r e  ex t remely  complex because of the flame r e -  
. I #  lions. 
\ \ i l l 1  the amount of NO that would be  formed in a i r  heated to the s a m e  tempera ture  
it.,r the s a m e  length of time. 

However, it is  possible to compare  the values measured  in  this sys t em 

The kinetic model ( in  which M rep resen t s  any other 
I,a.c:ies) used f o r  this calculation is : 

N , t  M z  2N t M 

N, t O =  NO t N 

0,t  N Z  N O +  0 

N, t O,= 2 N 0  

o,+ M =  2 0 +  M 

Table 4 gives the calculated r a t e s  at various tempera tures .  
tJl;it the ra tes  of the bimolecular reaction and the a tomic  reactions to fo rm N O  a r c  
comparable a t  these tempera tures .  
\bill predominate. 

It i s  of in te res t  10 note 

At  higher t empera tu res ,  the a tomic  reactions 

Table 4.-RATES O F  FORMATION OF NITRIC OXIDE IN AIR 
AT VARIOUS TEMPERATURES 

.1 cmpera tu re ,  "K 

1600 
1800 
2000 

Rate  of Format ion  of Nitric Oxide, ppm/sec  
NO = 100 ppm NO = 1 0  pprn 

0.90 
69 

2150 

1.02 
7 3  

221 0 

The time required f a r  the combustion products to pass  f r o m  0.1 to 1 . 1  cm 
.rl,t,ve the burner  i s  about 0.026 second. 
Ii.istion products a r e  observed to f o r m  a 10 ppm inc rease  in NO . 

During this t ime,  the stoichiometric C O ~ -  

X 

If the s a m e  t ime  fac tor  i s  applied to the kinetics of heated a i r ,  the c a l c ~ i l a 1 c ~ l  
It shoiild he  notcd 111;11 

The ra te  constants for this kinetic model a r e  not well es tab l i shed ,  and t h c  \ . a l11~ .<  

. . ,ncentrations a r e  1.8 ppm a t  1800"K, and 57 ppm a t  2000°K. 

I )  
I 
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used in this calculation a r e  among the highest  that were  found.5 

2) 
combustion products by about 2 o r d e r s  of magnitude. 

3)  

T h u s ,  i t  appears  likely that ,  upon completion of the theoret ical  analysis  and with 
a c c u r a t e  tempera ture  and composition m e a s u r e m e n t s ,  it will be found that ni t rogen 
oxides f o r m  in a f lame fa s t e r  than in heated a i r .  

The oxygen concentrat ion of air i s  much l a r g e r  than that  of the s toichiometr ic  

The est imated temperat i i re  of the s y s t e m  is  c lose  to 1800°K. 
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FLAME CHARACTERISTICS CAUSING AIR POWTION I. EMISSION 
OF OXIDES OF NITROCEN AND CARBON MONOXIDE 

Joseph M. Singer 
Eden B. Cook 
Joseph Grumer 

U.S. Bureau of Mines, 4800 Forbes Avenue, 
Pittsburgh, Pennsylvania 

ABSTRACT 

This investigation is part of a program by the Bureau of Mines, spon- 
sored by the Public Health Senrice, to determine the factors that govern 
emission of air pollutants by domestic and industrial gas combustors. 
Methods based on kinetic and thermodynamic theory are proposed for predicting 
concentrations of nitrogen oxides and carbon monoxide in the combustion 
gases of flames, specifically of lean, stoichiometric, and rich propane- 
air flames. These theoretical data are compared with concentrations observed 
experimentally downstream of flat grid-type burner flames (approximately 
25,000 Btu/hr) that were used to sirmiLate gas appliances such as water and 
space heaters. 
chemicslly perturbed by recycling flue gases into the primary fiel-air 
mixtures; (2) flames thermally perturbed by cooling the burned gases at 
U L . L I C A C 1 1 b  I U C F D ,  a1u \J) L.LcAuCD p C L C l u U C u  uy ~ U I I W l l I a b I U 1 1 0  VI bllCDF b W U  

effects. In general, experimental and computed concentrations agreed to 
with in  a factor of 2 to 4 with the experimental values always being higher 
than the theoretical. 
( w i t h  and without excess air) reduced the relative amount of nitric oxides. 
Carbon monoxide concentrations were substantially reduced by recycling flue 
gases only w-hen the cooling rates were less than about 5000-10000"R per 
second. 

Air pollutant concentrations were computed for (1) flames 

=,ran _ _ _ _  L _ _ L _ _ _  _ _ >  I - \  *- _ _ _ _  _ _ A _ _ - L _ A  L__ _ _ _ L : _ _ L < _ _ -  -a LL__-_ L_- 

Cooling the burned gases and recycling cold flue gases 
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TRACE ORGANIC COMPOUNDS I N  NATURAL GAS COMBUSTION 

bY 

J. A .  Chisholm, Jr. and D. L. Klass 

I n s t i t u t e  of  Gas Technology 
Chicago, I l l i n o i s  60616 

INTRODUCTION 

Complete combustion i s  decidedly easier t o  obtain with j ,  

;' n a t u r a l  gas than with any o the r  f o s s i l  Under normal operat ing , condi t ions,  the f l u e  products of natural-gas-burning equipment are 
r e l a t i v e l y  f r e e  of unburned hydrocarbons and p a r t i a l  combustion pro- 
ducts .  However, under fue l - r i ch  condi t ions,  small q u a n t i t i e s  of or- 
ganic de r iva t ives  a r e  produced. The i n v e s t i g a t i o n  reported i n  t h i s  
paper t o  i d e n t i f y  and determine the q u a n t i t i a s  of these t r a c e  com- 
pounds, p a r t i c u l a r l y  when combustion occurs under low-aeration con- 
d i t i o n s ,  was c a r r i e d  out a t  the I n s t i t u t e  of Gas Technology, with 
f i n a n c i a l  support of t he  American Gas Association. 

s e l e c t i v i t y  f o r  analyses of these t r a c e  organic compounds. 
quently,  highly s e n s i t i v e  instrumental  methods were used, with modifi- 
cat ions whenever necessary.  

t 

Class i ca l  wet chemical procedures l ack  the  s e n s i t i v i t y  and 
Conse- i 

I 
EQUIPMENT 

shown i n  Fig.  1. It c o n s i s t s  of a burner,  t r a n s i t e  base, and glass 
zhimney. When t h e  burner i s  operated a t  the  low flow r a t e s  employed 
i n  t h i s  study, a bunsen-type flame i s  obtained. Disturbance of t h e  
? l ~ r e  by a i r  cu r ren t s ,  and d i l u t i o n  of t he  exhaust gases by surrounding 
k i r ,  .]ere prevented by enclosing the burner i n  a pyrex g l a s s  chimney. 
Sziples  of f l u e  products were withdrawn either from the t o p  of the chim- 
ney or through the probe. 

rodir 'ied a2 shown i n  F ig .  2 ;  a secondary a i r  chamber, with 1/8-in. s t e e l  
spheres i n  it t o  f a c i l i t a t e  d i f fus ion ,  was installed.  

The source of combustion products was the  burner system 4 

I 

'1, 

1 

Early i n  the  inves t iga t ion ,  the base of t he  burner system was 

The burner was operated on 1000 Btu n a t u r a l  gas similar i n  
3osposit ion t o  t h a t  shown i n  Table 1, and numerous experiments were 
c e r r i e d  out under a v a r i e t y  of condi t ions.  Since space does not per- 
-.it E d e t a i l e d  desc r ip t ion  of t he  experimental techniques, only a few 
J 4  .... ,.,nfs ztln be rrade here . r . r x x 3  

' Combustion conditions va r i ed  from f u e l - r i c h  t o  s toichiometr ic  
aperzt ion.  
or" 2 CF/hr of n a t u r a l  gas, no pr-imary a i r ,  and 10  C F h r  of secondary a i r .  
S to i ch ioxe t r i c  c o n d i t i m s  corresponded t o  flow r a t e s  of 2 CFfhr of'nat- 
ur.;l gas 2nd 17.5 C F b r  of p r i m r y  a i r .  Secondary a i r  was employed i n  
seler,Eed s toichiometr ic  experiments. S u f f i c i e n t  experiments were car- 
pied out  t o  insure  the r e p r o d u c i b i l i t y  of the a n a l y t i c a l  determinations 
under t h e  s p e c i f i c  operat ing conditions.  A l l  determinations I of s p e c i f i c  

The extreme f u e l - r i c h  va r i ab le  corresponded t o  flow r a t e s  
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r l u e  pmducts  were normalized t o  percentages of  t he  t o t a l  f l ue  products1 

RESULTS 

During t h i s  inves t iga t ion ,  a l a r g e  number of sa tura ted  and UT- 
sa tura ted  a l i p h a t i c ,  polynuclear aromatic,  and oxygenated hydrocarbons 
:.:er? i z e n t i f i e d .  Many were determined q u a n t i t a t i v e l y  i n  t h e  ppb ( p r t z  
€ 3 ~  i? ) concentrat ion range. Table 2 gives  a partial l ist  of the orgac 
i: expounds found i n  t h e  combustion products under stoichiometric and '  
%el-r ioh opera t ing  condi t ions.  

Gas chromatography with a fiame ioniza t ion  detector  was em- 
--,--,rc4 y A _ I  -u t o  ~ 5 s u r e  C1 t o  Cs sa tura ted  and unsaturated a l i p h a t i c  hydro- 
czr2ccs .  Under e s s e n t i a l l y  complete combustion condi t ions,  t h e  C1 t o  ,$ 
i -ydrxsrbons were 'present  i n  the  f l u e  products i n  the ppb range, and se 
e r - l  Cq 2nd C s  compounds were below l i m i t s  of d e t e c t a b i l i t y ,  as  shown j', 
T z c i e s  3 and 4. When primary a i r  was absent ,  concentrations of the C1 
t c  Cg hydrocarbons varied inverse ly  i j i th  the secondary air flow. Totai 
C s  + kydrocarbons vere determined by revers ing  c a r r i e r  gas flow in t h e  
cmoxatographic coiumn and backflushing a f t e r  the emergence of ;-butane: 
&:sin, the inverse  r e l a t i o n s h i p  of concentration t o  secondary a i r  flow 
:.:zs s:sser'ded, 5 s  shown i n  Table 5. 

ser.:eq t o  separate the C1 to C3 f r a c t i o n .  The C 4  t o  C g  f r a c t i o n  was se  
2?2:22 3n E 1/e i n .  x 15 't column of 28% dimethylsulfolane on Chroma. 
3350 P .  Separat ion of t o t a l  C,+ hydrocarbons was e f f e c t e d  on a 1/8 i n  
:.: s f t  alunina column operat ing at ~ o o O S .  

Polynuclear aromatic hydrocarbons were co l lec ted  i n  a l o w -  
terr.l;erature t r a p p i n g  system, and separated by means of l i q u i d  ex t r ac t i c  
prscedures and column, 'paper, and gas chromatography. Ultraviolet  ab -  
sorpt ion and fluorescence spectrophotometry were t h e n  employed t o  iden. 

the s e p r e t e d  f r a c t i o n s .  By these  techniques, f i f t e e n  polynucleafi 
,zro-atic cocpounds ver? i d e n t i f i e d ;  seven of these  were determined quan 

c17.n chrxetography,  and i d e n t i f i c a t i o n  and measurement were accomplishc 
S L i  u l t r a v i o l e t  f lucrescence spectrophotometry. Table 6 shows that  t h e  
:oncentrations ranged "on less than 0 . 1  ppb f o r  2-phenylenepyrene unde 
conditions of e s s e n t i a l l y  c m p l e t e  cornbustton, t o  1040  ppb f o r  pyrene 
uridzr %el - r izh  conditTons. I 

Pa alumina column operated a t  8OoC with argon c a r r i e r  gas 

i 2 C r  L l ~ ~ t i v e l y .  Q u a n t i t a t i v e  determination was based on separat ion v i a  ~ 0 3 '  

Several  c l a s s e s  ~f oxygenated hydrmarbons were investigated, ,  
inzlLding aldehydes,  phenols, and ketones.  Because aldehydes a re  alwa? 
croduced 2uring inzornplete corxbustion,16 these compounds were studied '1' 
sor-e d e t a i l .  The spec t rophAozet r ic  Lethods used a r e  s p e c i f i c  f o r  forti 
dehjide, a c r s l e i n ,  t o t a l  a l i p h a t i c  aldehydes and t o t a l  a.ldehydes. Tab16 
sh2::s :hat when c n P j  sec3nda-y a i r  was present ,  t he  concentration of t c  
t i l  ilckhycies was in ie rse ly  r e l a t e d  t o  the flow of secondary a i r .  I n  t 
ebsence of  secondary e r r ,  but with s i ; f f ic ient  primary a i r  t o  ensure es- 
s s n t i r l l y  complete znzbustion, aldehydes were produced i n  snly ppb Con- 
zentret ions . Fore ldehgde  :.!es p r e d x i n e n t ,  and pers i s ted  under a l l  but! 
s toi=hi .o?etr ic  z3rhustiDn condi t ions.  With increased secondzry ai?.', a 
g?nnrE l ly  i n z r e a s i n g  reti3 of f'ormldehyde t o  other aldehydes was ob- 
s s P ~ / e d .  These r'1ncl:ng-s 21-3 zonsis tent  !.Jlth the reported s t a b i l i t y  Of 
fnr-.zld?hpde. l e  
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Table 1.-Typical Analysis of Chicago Natural  Gas 

Component Mole $ Component Mole $ 

Air 3 . 2 1  Propane 1 . 2 1  
H e l i u m  0.08 n-Butane 0.17 
Nitrogen 1.79* -But ane 0.08 ' 
Carbon dioxide 0.63 Pentanes 0.04 
Methane 88.21 Hexanes 0.03 
Ethane 4.51 Heptanes 0.04 

100.00 
Heating Value - 1001 Btu/SCF, Saturated gas a t  6 0 ' ~ ~  30 i n .  Hg. 

*Nitrogen i n  excess of t h a t  included i n  air .  

. Table  2.-TYPES AND QUANTITIES O F  ORGANIC COMPOUNDS FOUND IN 
T H E  COMBUSTION PRODUCTS O F  A NATURAL GAS F L A M E  

. 

Concent ra t ion  Found a f t e r  

Type of Compound 

Aldehydes:  

Formaldehyde  
O t h e r  Aliphat ic  Aldehydes 
Nonaliphatic Aldehydes 

Tota l  Aldehydes 

Polynuclear  A r o m a t i c s :  

Anthanthrene 
Anthracene  
Benzo [a] pyrene  
F lu0  r anthene 
1-Methylpyrene 
- o-Phenylenepyrene  
P y r e n e  

Other  Hydrocarbons:  

Methane 
Ethane  
P r o p a n e  
i -Butane 
n-Butane  
Pentane  plus  
Acetylene 
Ethylene 
Propylene  

- 
-_ 

Stoich iometr ic  
Combus t ion 

< 0.02 p p m  
< 0.02 
< 0.02 
< 0.02 

C 3 . 0  ppb 
< 0 .4  

0 .4  
6 .0  
0.6 
0.1 

14.0 

0.00 ppm 
0.13 
0.10 

< 0.01 
< 0.01 
< 5.00 
< 0 . 0 1  

0.06 
<0.01 

F u e l  - Rich  
Combus tion 

20 PPm 
13 
6 

39 

275 ppb 
46 
09 

460 
70 
04 

1040 

60,000 pprn 
3,500 

900 
50 
7 0  

120 
2,500 
4,000 

260 
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Table 4. - AIR FTOW E'. c4-F~ COI?CENTRATIONS 

41b - 40a - 40b - 41a - 42a - Run NO. 
Flow Rates, CF/hr 

primars Jur 0 0 0 0 17.5 
Secondary Air 10 15 20 25 0 
Natural Gas 2 2 2 2 2 

Butene-1 182 0 550 165 17 <0*05 
- i -Butene <Os05 e0.05 <On05 <On05 <0.05 

Concentration, ppm+ 

- trans-Butene-2 50 8 2 <0.05 eO.05 
- i -Pentane <0.05 .C0.05 <0.05 cO.05 <0.05 
&&-But ene-2 e0.05 e0.05 <0.05 e0.05 <Os05 
Pentane <Om05 C0.05 <Os05 <0.05 CO.05 
3-Methylbutene-1 <0.05 e0.05 e0.05 e0.05 e0.05 
L3-Butadlene 40 9 1 <0.05 <0.05 
Pent ene -1 118 43 7 <0.05 <0.05 

* Chromatograph c a l m r a t e d  on basis of response t o  "-butane 

Tab le  5. -Cs + HYDROCARBONS 

+ A i r  Input ,  CF/hr, 
h,Primarg Secondary 

: 5  10 
5 ', 5 

2 .5  10 

2 .5  7 . 5  
2 .5  ' 5 

,' 2 '5  7 . 5  

* Natural  Gas Input ,  

Total  C,+ 
&drocarbons, A i r  Input ,  CF/hr 

2EE Primary 2e condary 

< 5  0 25 
30 0 20 

0 15 
0 12.5 

<5 0 12.5 
20 0 10 
1 4  0 7 .5  
85 0 7 .5  

1 CF/hr 

Tota l  Cst 
Hydrocarbons, 

m?! 
< 5  
<5 
<5 

80 
100 
90 
110 
144 

/ /  
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Table 6. -POLYNUCLEAR AROMATIC mOCARBONS 
DETERMINED I N  NATURAL GAS COMBUSTION PRODUCTS 

Aeration Conditions 

~ Primary air 
I 

Secondary a i r  

Natural gas 

Component 

Ant hanthrene 

Anthracene 

Benz o [ a]  pyrene 

Fluoranthene 

1-Me thylpyrene 

- 0- Phenylene pyrene 

Pyrene 

Flow Rate, CF/hr 
R u n  No. -- 

- 9 5R L 8 .- l o  
0 0 0 0 17.5 

10 15 2.0 25 0 

2 2 2 -  2 2 

Concentration, ppb 

240 275 11 c3-  c3 

26 46 6 6 <O. 4 
89 78 40 11 0.4 

434 468 256 117 6 

78 48 11 4 0.6 

75 75 84 43 co. 1 

1040 454 155 103 1 4  

R W  
No. - 

Table 7.-AIR F L O W  s. ALDEHYDE PRODJCTION 

Flow Rates, CF/hr Aldehyde Concentration, ppm 
Total 

I 

Primary Secondary Natural  Aliphat ic  
A i r  A i r  Gas - Formaldehyde Aldehydes Aldehydes 

I 

C 10 2 19.4 32.9 39.3 

0 15 2 18.4 25.6 34.6 

0 20 2 13.4 13.1 18.5 

0 25 2 2.4 1.9 6.0 

17 5 0 2 co. 02 co. 0 1  c0.02 
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The unsaturated &ldehxde a c r o l e i n  occurs i n  t h e  exhaust gases 

from most combustion processes.  J 7 1 8 9 1 2  Under fue l - r i ch  combustion con- 
d i t i o n s ,  ac ro le in  concentrat ions ranging from less than  0.03 ppm (parts 
Per mi l l ion)  t o  about 6 ppm (Table 8) were determined by a spectropho- 
tometr ic  method. 

Phenols a r e  another  group of oxygenated organic  der iva t ives  
that  i s  known t o  be present  i n  combustion pr3ducts from n a t u r a l  gas 

Tota l  phenol concentrat ions va r i ed  from 0.007 ppm t o  about 
4 ppm (Table 9). 

Several  spectrophotometric procedures were inves t iga ted  
for determination of ketones,  but  i n t e r f e rence  from water and formal- 
dehyde introduced excessive e r r o r .  Gas chromatography, however, re- 
s u l t e d  i n  accurate  determinat ions of several ketones,  as shown i n  
Table 10 .  

sence of methyl and e t h y l  a lcohols  i n  the f l u e  products.  
measurement s were not made, but methyl a lcohol  peak a reas  ind ica ted  
concentrat ions of about 3 ppm. 

Chromatographic s tud ie s  gave t e n t a t i v e  evidence of the  pre- 
Quan t i t a t ive  

DISCUSSION 

f l u e  products from f u e l - r i c h  flames might be in t e rp re t ed  i n  terms of 
numerous hypothe t ica l  r eac t ion  mechanisms t h a t  have no real  meaning. 
Ins tead ,  l e t  us consider how the formation of t r a c e  components D r o -  
ducsd under oor combustion condi t i sns  can be r a t iona l i zed  and qua l i -  
t a t i v e l y  expyained i n  terms of a few r e a c t i o n  mechanisms which are 
knom t o  be operat ive i n  fue l - r i ch  flames. 
methyne a r e  very l i k e l y  involved i n  t h e  formation of f lue-gas  combus- 
t i o n  products,  bu$ they are not considered i n  t h i s  t rea tment . )  

reasonably wel l  understood, but the organic chemistry os fue l - r i ch  
flertes presents  a considerably more complex s i t u a t i o n .  The i n i t i a l  
r eac t ions  i n  a fue l - r i ch  methane-oxygen flame have been shown t o  in -  
volve formation of methyl gadica ls ,  which a r e  probably produced by 
hydrogen atom abs t r ac t ion :  

The experimental  data co l l ec t ed  i n  our inves t iga t ion  of the  ' 

(Carbenes and perhaps 

Many of t he  major mechanisms o p r a t i v e  i n  l ean  flames a r e  

CH+ + H -., CH3 + Ha 

The methyl r a d i c a l s  might be c a l l e d  the "key intermediates"  
i n  the combustion of methane i n  fue l - r i ch  systems because the i r  con- 
cen t r a t ion  i s  s u f f i c i e n t  t o  produce o the r  s t r u c t u r e s  by conversion 
t o  higher  molecular weight intermediates .  Subsequent chemical reac- 
t i o n s  of methyl r a d i c a l s  i n  f u e l - r i c h  flames therefore  determine, t o  
a l a rge  ex ten t ,  t he  s t r u c t u r e s  of the p a r t i a l  combustion products.  
We should t h u s  be a b l e  t o  r e l a t e  our experimental  r e s u l t s  t o  these  
methyl r a d i c a l  reac t ions ,  e s p c i a l l y  those t h a t  occur with smll  o r  
e s s e n t i a l l y  zero a c t i v a t i o n  energ ies .  

F i r s t ,  the r eac t ion  of methyl r a d i c a l s  w i t h  oxygen would 
not be expected t o  be the dominant one i n  a n  oxygen-deficient flame, 
but  the r eac t ion  should occur t o  some degree with formation of p r o x y  
r a d i c a l s  : 

I CHa + 02 - CH300 - H-8-H + OH 



Run 
21  
22 
2 3  
24 
25 

- 

3x1 Nc. 
4 

5 
J 
- 
E 
7 

Tsble  8 .  - A I R  FLOW VS. ACROLEIN PRODUCTION 
Natural  
Gas, A i r ,  CF/hr 
CF/hr Primary Secondary Acrolein,  ppm 

0 <o. 0 3  
0 6 . 3  

5.6 

2 
2 
2 0 1 5  
2 0 20 5 .3  
2 0 25 , 2.9 

17.5 10 

Table 3.  -AIR FLQWE. PWOL PRODUCTION 

Flow. ,Rates C F h  
Pr imary  Secondary Natural 

A i r  A i r  Gas Phenol Concentration, ppm* 
0 10  2 4.0 
0 15 2 4 . 1  
0 20 2 i. 0 
0 25 2 0.5 

17.5 0 2 0.026 
25.0 0 2 0.007 

* .  Cklltratizn curves were prepared with phenol so lu t ions  as standards.  

r-r ; L G . , L E  - 0 .  -AIR F W  VS.  CARBONYL PRODUCTION 

is12 tu r a 1 Carbonyl Production, ppn 
Gas, Air, CF/hr Acetal-  Acrolein- Propion- 2-Bu- 
CF/hr dehyde Acetone aldehyde tanone - 

7, ..il - 
P 0.07 1.6 ;':;;-I 2 

(3 15 3.4 0.8 0.03 1.0 ;'>; - 2  2 

. ,-,; .. ' - 3  2 3 20 2 . 9  ' 1.2 0.05 1.8 
- -!I 2 0 25 5 -  0 1.5 0.01 2.8 

10 6.2 1.5 - - -. 
.- - - ... 
- --_ 
- . .. - 
/ /  
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These r a d i c a l s  are known t o  decompose rap id ly  t o  y i e l d  formaldehyde -14r17 
Fur ther  oxidat ion of formaldehyde would be expected, even i n  an oxygen- 
de f i c i en t  flame, because of the  high r e a c t i v i t y  of aldehyde groups. 

Since the  rate of formation of formaldehyde should be g rea t e r  
than the r a t e s  of formation of the  higher  aldehydes from t h e  methgl- 
radical-der ived in t e rned ia t e s  that  w i l l  be discussed later,  w e  would 
expect formldehyde t o  be present  i n  highep concentrat ions than  the  
a the r  aldehydes i n  the  f l u e  gases. As a l ready  shown i n  Tables 2 and 
7, o v z r  ha l f  of t he  t o t a l  aldehydes in  almost a l l  of our experiments 
was formaldehyde when t h e  f l u e  products were produced under oxygen- 
de f i c i en t  conditions. 

I 

1. 

I 

1 m b i d  be favored over methyl radical-oxygen r eac t ions ,  s o  l a r g e r  con- 
cent ra t ions  of ethane r e l a t i v e  t o  formaldehyde would be expeoted i n  
t h e  f l u e  gases.  The formation of ethane in t h i s  type o f  recombination 
r eac t ion ,  however, is not as simple as i t  appears. When the new carbon- 

’%\ to-carbon bond i s  formed, a la rge  amount of energy is l ibe ra t ed .  This 
energy, along w i t h  the o r i g i n a l  thermal energy carried by the  methyl 

l r a d i c a l s ,  can d isdocia te  ethane back t o  methyl r ad ica l s ,  o r  the  r e s u l t -  
ing v ib ra t iona l ly  exc i ted  ethane molecules can be deact ivated by a three- 
body c o l l i s i o n  process.  I n  the presence of a t h i r d  body, such as another 
molecule with which the  energy-rich ethane molecules c o l l i d e ,  t he  ex- 
cess  energy can be t r ans fe r r ed  with concurrent formation of s u b s t a n t i a l  i anounts of ethane without homolytic d i s soc ia t ion  t o  methyl r ad ica l s .  
ever ,  according t o  Xistiakowsky,’ the energy-r ich ethane molecules i n i -  

) t i a l l y  produced do not necessar i ly  requi re  a three-body process t o  pre- 
vent d i ssoc ia t ion .  

Since methyl r a d i c a l  recombination i s  a d i r e c t  one-step path 
t o  a stable paraf f in ,  one would expect l a r g e r  concentrat ions of ethane 
than t h e  higher pa ra f f in s  i n  the f l u e  gases. T h i s  conclusion i s  sup- 
ported by t h e  resul ts  s u m r i z e d  i n  Table 2 .  S ign i f i can t ly  higher con- . I cent ra t ions  of ethane than propane were detected i n  t h e  f l u e  products 
under oxygen-deficient condi t ions.  The concentrations of propane were 
i n  t u r n  higher than the  t o t a l  C 4 +  pa ra f f in  concentrat ions.  

1 )  gases s tudied i n  t h i s  inves t iga t ion  contained a few percent ethane and 
propane, but the r e l a t i v e  r a t i o s  of these  hydrocarbons i n  the  f l u e  gases 
should s t i l l  be ind ica t ive  of the combustion mechanism. 

methans-rich flame has not been f u l l y  established, but  the general  
1 23urs8  of the  reac t ions  i s  believed t o  proceed through C.2 radical 
1 i n t e r m d i a t e s . ”  Successive dehydrogenation of ethane y ie lds  e thy-  
1 lene and acetylene.  The de ta i l ed  mechanism of the  dehydrogenation i s  
1 not  known. Homolytic C-H bond rupture  by unimolecular decomposition or’ 
1 hydrogen atom abs t r ac t ion  should be f a c i l i t a t e d  i n  methane-rich flames,, 

because msthyl  r a d i c a l  recombination a f fo rds  energy-rfch ethane mole- 
cu les .  We therefore  expect that stepwise dehydrogenation of ethane pro- 
ceeds j i a  an  e t h y l  r a d i c a l  intermediate:  

t o  y ie ld  subs t an t i a l  amounts o r  ethylene and acetylene r e l a t i v e  t o  the 

Recombination of excess methyl r a d i c a l s  i n  oxygen-def i c i e n t  
ylamss: 

I 

2CH3 -. C H 3 m  

How- 

The na tu ra l  

The mechanism of formation of  e thylene and acetylene i n  a b 

C&CH3 CH3m2 + H 
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other  unsaturates, Formation of e t h y l  r a d i c a l s  subsequently provides 1-1 

d i r e c t  routes  t o  propane and t h e  butanes, but dehydrogenation should , 
be t h e  preferred r g a c t i o n  path because of t he  favorable k i n e t i c s  at 
high temperatures. I 

Thus , the  formation and relative concentration of the major 
oxygenated and saturated and unsaturated a l i p h a t i c  compounds detected 
as t r a c e  components i n  t h e  f l u e  gases of methane-rich flames have been 
r a t iona l i zed  on t h e  b a s i s  of a few known r a d i c a l  react ions.  It should ’ 
be emphasized t h a t  these r eac t ions  are by no means the only paths t o  
the observed compounds, but their  r e l a t i o n s h i p  t o  the experimental re- 
s u l t s  i nd ica t e s  t h a t  they a r e  important.  

polynuclear aromatics l isted i n  Table 2 .  Grossly empirical  r eac t ion  . 
Tezhanisrns must be postulated because of the complexity of polynuclear 
a roxa t i c  s t r u c t u r e s  .15 Nevertheless, w e  believe that a few important 
conclusions can be drawn from the data co l l ec t ed  i n  our work. 

Most i n v e s t i g a t o r s  who have s tudied the formation of poly- 
nuclear aromatics found t h a t  t hese  compounds general ly  form under fue l -  
r i c h  conditions .eJ150ur da ta ,  which include 
a l i p h a t i c  and aromatic compounds, show that f u e l - r i c h  conditions pro- 
mote polynuclear aromatics formation , but a t  very low l eve l s  r e l a t i v e  
t o  the concentrations of the a l i p h a t i c  compounds. It I s  therefore  
d i f f i c u l t  t o  s e l e c t  a p a r t i c u l a r  a l i p h a t i c  compound, or group of com- 
pounds, a s  key intermediates  i n  the mechanism of formation of the aro- 
% t i c  compounds. 

Aliphatic intermediates are, however, c l e a r l y  the precursors 
of the aromatic compounds because the natural gases used i n  our experi- 
ments containsd zero polynuclear aromatics.  Various invest igators  have “ 
s u g e s t e d  that  methyne and unsaturates such as ethylens and acetylene 
play a n  important role as intermediates Empirical react ion 11 
paths have a l s o  been postulated toaccount f o r  the f o r E t i o n  of poly- 
nu21ear a r o m t i c s  from t hese  and other intermediates.  

\ 

It i s  much more d i f f i c u l t  t o  explain the formation of the 

determinations of both 

I n  s e v e r a l  experiments, our determinations of the polynuclear 
a rona t i c s  formed i n  fue l - r i ch  flames tend t o  f a l l  i n t o  a pa r t i cu la r  
pz t t e rn .  The higher  molecular weight polynuclear aromatics i n  the f l u e  
gas iiere c o n s i s t e n t l y  present i n  lower concentrations than those of 
lmer  molecular weight. Although other  i nves t iga to r s  have reported 
similar r e s u l t s , ”  t h i s  information i s  i n s u f f i c i e n t  f o r  v a l i d  conclu- 
sions regarding t h e  mechanisms of f o r m t i o n .  

However, s i g n i f i c a n t  observations can be made. The d i s t r i -  
bution of the aromatics was about t he  same i n  each of our  experiments, 
as Shawn i n  Table 6 .  Furthermore, t h i s  d i s t r i b u t i o n  corresponds essen- 
t i a l l y  t o  t h a t  reported by  other^.^''^'^^ F ina l ly ,  we observed tha t  the 
r e l a t i v e  concentrat ions of a few s p e c i f i c  polynuclear a r o m t i c s  a r e  Con 

. s i s t e n t l y  higher  than the concentrations of the other  aromatics. 

These observat ions suggest that the ove ra l l  scheme shown i n  
Fig. 3 i s  a p l aus ib l e  rou te  t o  the var ious aromatic compounds iden- 
t i f i e d  i n  our s t u d i e s .  The r eac t ive  species and fragments involved i n  
the many r eac t ions  required t o  produce the polynuclear aromatics are, 
of course, not known. But our resu l t s  and t h e i r  apparent re la t ionship 
t o  the scheme i n  F i g .  3 support a stepwise buildup of the higher 8110- 
matics through cornon intermediates .  
oped with Lindsey’s  data.” 

A similar scheme canlalso be devel 
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C"4 + 
INTERMEDIATES 

I 

NUMBERS IN PARENTHESES ARE RELATIVE A--56493 

CONCENTRATIONS. 
(D) INDICATES DETECTION ONLY 

F i g .  3.-POSSIBLE ROUTES TO POLYNUCLEAR AROMATIC COMPOUNDS 
I 
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Other i n t e r p r e t a t i o n s  of the d i s t r i b u t i o n  of the aromatics I 
(Table 2 ) ,  such as cons idera t ion  of t h e i r  r e l a t i v e  s t a b i l i t i e s ,  can 
be employed t o  r a t i o n a l i z e  the r e s u l t s .  For example, l i n e a r l y  annel- 
l a t e d  acenes a r e  know? t o  be more r e a c t i v e  than  phenes containing the 
same number of r i n g s .  
of acenes r e l a t i v e  t o  the  angular ly  anne l l a t ed  phenes i n  the  f l u e  pro- 
duc ts .  O u r  experimental  data show tha t  only one a c m e ,  anthracene, 
was detected.  Most of the  polynuclear aromatics determined i n  t h i s  
i nves t iga t ion  contain the  phenanthrene nucleus.  

Quan t i t a t ive  treatment of  the d i s t r i b u t i o n  of polynuclear 
aromatics i n  terms of e l e c t r o n  d e n s i t i e s  and bond l o c a l i z a t i o n  ener- 
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Thus, one would not expect a la rge  concentration 
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